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ABSTRACT 
There is an increasing demand for power electronic devices that exhibit high current 
rectification and high environmental/thermal stability. This demand has driven research 
into novel materials that provide stable performance in extreme environments. Abundant 
and low-cost carbon thin film materials are potential candidates because they exhibit a wide 
range of electrical characteristics that depend systematically on their 
microstructure/bonding. More specifically, their electrical characteristics are sensitive to 
the ratio of diamond-like to graphitic bonding within the film. The electrical resistivity of 
the carbon film can be varied by many orders of magnitude within a readily accessible 
range of microstructures. Energetic deposition methods are one way to control the bonding 
ratios in carbon thin films and energetic deposition has been exploited for much of the work 
in this thesis. 
The electronic devices that were fabricated and tested during this project were 
Schottky diodes. These devices, normally consisting of metal-semiconductor junctions, 
were instead formed between energetically deposited graphitic carbon (with high graphite-
like bonding fraction) and the semiconductor materials silicon, silicon carbide and gallium 
oxide. These materials were selected due to their proven or anticipated application in power 
devices. Once fabricated, the graphitic-C/semiconductor junctions were characterized 
micro-structurally and electrically. Subsequent analysis of the measurements revealed 
reasons for the excellent device performance and/or guidance for further improvements.
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Motivation and rationale 
All semiconductor devices require electrical contacts (except some photonic 
devices). These contacts may fulfill simple input-output duties or more elaborate functions. 
They are often formed between dissimilar materials and may provide either linear or non-
linear current-voltage characteristics depending on the device application. Contacts are 
formed on semiconductor surfaces which contain electronic states that differ significantly 
from those in the semiconductor bulk. This presents challenges in their design, fabrication 
and optimization. Operational efficiency and reliability depends on a thorough 
understanding of the structure, chemistry and electrical transport in electrical contacts. 
Hence, extensive theoretical and experimental research activity has been devoted to 
electrical contact design and fabrication.  
This thesis describes research focused on developing a new method for forming 
carbon-based electrical contacts to semiconductors. Carbon offers advantages including 
thermal and chemical stability as well as being an abundant low-cost material. Its ability to 
withstand high operating temperatures, voltages and current-densities has been noted by 
the power electronics community [1-3]. In the project work described in this thesis, carbon-
based contacts were formed on semiconducting Silicon (Si), Silicon Carbide (6H-SiC), and 
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Gallium Oxide (β-Ga2O3). These materials were selected as they are important for recent 
and future advances in the power electronics industry.   
Silicon is the dominant semiconductor material in power electronics as in micro-
electronics but in recent years, Silicon Carbide has emerged as a power electronic material 
due to its larger band gap, lower dielectric constant, higher thermal conductivity, higher 
critical electric field and higher carrier saturation velocity compared to Si [4]. With 
improved growth methods and defect control, 6H-SiC and 4H-SiC have become a common 
choice for high power applications and have shown potential to develop further into a 
mainstream semiconductors [5]. More recently, Ga2O3
 has attracted attention from 
researchers working in the power electronics field due to its  exceptional breakdown 
characteristics and comparative ease of production [6-9]. The remaining sections in this 
chapter summarize the materials and devices central to the thesis and then provide an 
overview of the project objectives and thesis structure.  
 
1.2 Silicon 
Si has long been the foundation material for microelectronics. Si and Ge were both 
exploited as detector materials in radar technology beginning around 1930 [10]. Later, with 
the emergence of the transistor [11-13] and improvements in Si production techniques [14-
16], Si overtook Ge and became the dominant semiconducting material that it is today. The 
advantages of Si over Ge (wider bandgap and more abundant resource) in power devices 
were revealed back in 1953 [17, 18]. As previously stated, devices cannot be made from Si 
alone. As a consequence, alongside the development of Si as a semiconducting material, 
there has been ongoing development in rectifying and ohmic contacts to this material. With 
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a stable thermal oxide and a well characterized surface, Si can be interfaced with metals, 
insulators and other semiconductors to form functional electronic junctions.  
Si mostly exists in various forms of silicon dioxide or silicates. Silicates are one of 
the most abundant materials in the Earth’s crust hence making Si a low cost material for 
electronic applications [19-21]. Si is a typical semiconductor with the Fermi level within 
the energy band gap and possesses four valence electrons. Doping Si with P introduces one 
extra electron per dopant, and these may then be excited into the conduction band either 
thermally or photoexcitedly, creating an n-type semiconductor. Similarly, doping Si with 
B or Al creates a hole that traps electrons, creating a p-type semiconductor [22, 23]. 
The physical properties of Si also contribute to its popularity and usage as a 
semiconductor material. Si possesses a moderate energy band gap of 1.12eV. This makes 
Si a stable element when compared to Ge and reduces leakage current. The crystalline 
structure of Si, as shown in Figure 1-1, consists of a face centric cubic lattice structure 
with 34% packing density. This lattice structure allows easy substitution of impurity’ atoms 
onto silicon lattice sites, and the doping concentration in silicon can reach 1021 cm-2.  
 
Figure 1-1: Structure of Silicon (reproduced from [24]). 
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In terms of Schottky diode application, Si was used widely as a base semiconductor 
with various contact metals such as Al, Ni, or Ti [25-30]. Due to the fact that Si forms 
compounds with most elements in the Periodic Table, metal silicides that form an interface 
with Si that is stable and free from a native oxide have also been exploited [24]. 
One of the main focuses of this project was forming Si Schottky diodes with 
carbon-based contacts. Schottky diodes are briefly reviewed in section 1.6. More details 
on Schottky diode formation and characterization are provided in Chapter 2 (section 2.2). 
 
1.3 Silicon Carbide 
Improving the efficiency of power electronic devices is vital to reduce losses 
incurred during switching. Whilst Si is by far the most widely used semiconductor material 
for power devices, its material limits are being reached. Hence, engineers and researchers 
have searched for alternatives to Si for power devices [31]. Wide bandgap (WBG) 
semiconductors such as Silicon Carbide (SiC) and Gallium Nitride (GaN) offer significant 
benefits over Si including more stable operation at higher temperatures, high dielectric 
strength and high saturation drift velocity [4]. SiC has arguably become the material of 
choice for high performance power semiconductor devices. The wider bandgap, higher 
thermal conductivity and larger critical electric field allow SiC devices to operate at higher 
temperature with higher current density and higher blocking voltage [32-35]. The 
outstanding electrical characteristics of SiC, which are listed in Table 1-1, provide 
numerous and novel combinations of attributes for a semiconductor material for both 
optoelectronic and for high-power, frequency, temperature, speed, and radiation hard 
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microelectronic devices. The band gap of SiC (up to 3.26eV for 4H-SiC) is significantly 
wider than Si (1.12eV). The higher energy gap gives devices the ability to operate at higher 
temperatures, and for some applications, allows devices to switch at larger voltages. Wide 
bandgap semiconductors such as SiC are associated with a high breakdown voltage.  
 
Table 1-1: Electrical properties of Si and three polytypes of SiC [4, 23, 36-39] 
PROPERTIES Si 3C-SiC 4H-SiC 6H-SiC 
Bandgap 
(eV) 
1.12 2.40 3.26 3.02 
Electric Field Breakdown 
Strength (MVcm-1) 
0.25 2.12 2.2 2.5 
Thermal Conductivity  
At 300K (Wcm-1K-1) 
1.5 3.2 3.7 4.9 
Intrinsic Carrier Concentration 
At 300K (cm-3) 1.0 × 10
10
 1.5 × 10
-1
 5 × 10
-9
 1.6 × 10
-6
 
Saturation Velocity 
(cms-1) 1.0 × 10
7
 2.0 × 10
7
 2.0 × 10
7
 2.0 × 10
7
 
Electron Mobility 
(cm2V-1s-1) 
1400 800 1000 400 
Hole Mobility 
(cm2V-1s-1) 
471 40 115 101 
Dielectric Constant  11.7 9.72 9.66 9.66 
 
 
Comprising equal parts (covalently bonded) silicon and carbon with a highly 
ordered bonding configuration, single crystal SiC is the third hardest substance on earth. 
More than 170 different polytypes exist and depending on the crystal structure, SiC has an 
energy gap of 2.0 to 3.3 eV [40, 41]. Among the polytypes, 3C, 4H and 6H are used most 
widely for device production since large wafers can be made [36]. The polytypism of these 
three SiC polytypes are shown in Figure 1-2 [36-38, 42]. 
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Figure 1-2: Illustration of SiC polytypism with Si-C bilayer stacking along the c [0001] 
axis for the three main SiC polytypes 3C, 4H and 6H [43]. h and k stand for hexagonal and 
cubic style of stacking, respectively. 
 
Many companies now manufacture SiC substrates (e.g. Cree) with very low 
‘micropipe’ defect densities, a problem that hindered early development [44, 45]. The 
thermal conductivity of SiC is triple that of Si which assists in heat dissipation and enables 
the device package size to be reduced [38, 46]. A comparison between Si and the three 
main SiC polytypes (3C-SiC, 4H-SiC and 6H-SiC) in terms of maximum operating 
temperature is shown in Table 1-2. SiC has demonstrated a strong capability to operate 
under much harsher thermal environments (up to 750oC) than Si (under 150oC). However, 
in a device, the contacts/encapsulation may impose lower thermal limits so that it is 
important to develop high performance contact materials. 
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Table 1-2: Maximum electronic operating temperature for high-temperature 
applications of Si and SiC [4, 23, 36-39, 47, 48]. 
PROPERTIES BANDGAP 
(EV) 
MAXIMUM OPERATING 
TEMPERATURE (OC) 
PROCESS 
MATURITY 
SI 1.12 150 Very high 
3C-SIC 2.40 600 Low 
4H-SIC 3.26 750 Medium 
6H-SIC 3.02 700 Medium 
 
There are many methods to manufacture SiC wafers, and each type of SiC requires 
distinct manufacturing processes. The simplest SiC manufacturing method is to synthesize 
the mix of silica (SiO2) with carbon in an electric resistance furnace at high temperatures 
from 1400oC to 2500oC [49-52]. With aforementioned properties, SiC has become the 
focus of much research as shown in Figure 1-3. 
 
Figure 1-3: SiC focused journal publications per year since 1970 (Source: ScopusTM search 
engine with titles “SiC” or “Silicon Carbide”, April 02, 2019) 
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1.4 Gallium Oxide 
Power electronics is currently dominated by Si-based devices due to the low-cost, 
versatility and established processing methods of Si. However, as a power device material 
Si is not particularly efficient. Alternatives such as SiC and GaN exist but their commercial 
uptake has been limited by their relatively high cost. Wide band-gap semiconducting Ga2O3 
has recently emerged as a material with the potential to replace Si, as well as other 
semiconductors such as SiC and GaN. 
The bandgap of Ga2O3 (4.9 eV) significantly exceeds that of both SiC (3.3 eV) and 
GaN (3.4 eV), meaning it can withstand higher applied electric fields. This is a significant 
advantage because thinner layers can be employed within devices, and these can provide 
lower resistance and hence higher efficiency. Single crystal Ga2O3 is known to form five 
polymorphs, commonly labelled with α, β, γ, δ, ε. The β-phase is the most stable while the 
other polymorphs are meta-stable. With regard to commercial applications, bulk β-Ga2O3 
substrates can be produced using low-cost melt methods so cost barriers are unlikely to 
prevent uptake. 
In Figure 1-4, five key properties of β-Ga2O3, Si, SiC and GaN are compared. The 
numerical values listed are for β-Ga2O3 while each concentric pentagon represents a 
doubling of the relevant value in the outward direction. As shown, the bandgap and 
breakdown field are highest in β-Ga2O3. However, its carrier mobility and thermal 
conductivity require improvement and/or strategic device design. 
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Figure 1-4: A graphical comparison of the key material properties for β-Ga2O3 – the band 
gap, electron mobility, breakdown field, melting point, and thermal conductivity, as 
compared with Si, SiC and GaN. The numbered values refer to Ga2O3 while here these 
areas are all normalized to silicon (blue pentagon) [53]. 
 
 
For high quality devices to be realised using β-Ga2O3, suitable electrical contacts 
must be designed and implemented. Ohmic contacts with a low contact resistance are a 
must, as are Schottky contacts with a controllable barrier height, low-leakage and high 
endurance. Regarding the latter, Farzana et al. [54] fabricated Pd, Ni, Pt and Au contacts 
to β-Ga2O3. They demonstrated high current rectification and determined the respective 
barrier heights from electrical measurements. In devices in which transport occurred by 
thermionic emission, a peak barrier height of 1.5 – 1.6 eV (depending on method 
employed) was reported for Pt. Recently, oxidised and non-oxidised noble metal Schottky 
contacts to β-Ga2O3 were compared using capacitance-voltage and temperature dependent 
current-voltage measurements [55]. In general, the reactively deposited (partially oxidised) 
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contacts exhibited higher barriers (up to 2.5 eV) and ideality factors that more closely 
approached unity (indicating higher lateral homogeneity). These devices exhibited record 
rectification ratios and in more recent work by the same group, IrOx Schottky contacts to 
β-Ga2O3 were demonstrated to provide >10 orders of rectification at ± 3.0 V whilst 
operating above 300 ºC [56].  
Despite these impressive performance figures, there remains a need for alternative 
Schottky contact materials for β-Ga2O3. The cost and scarcity of Pd, Pt, Rh and Ir would 
likely limit commercial applications of the aforementioned devices. Hence, abundant, low-
cost contact materials that enable high-performance β-Ga2O3 Schottky diodes with high 
power/temperature endurance are required. 
 
1.5 Challenges for high power devices 
Reviewing the literature shows that thermal stability of metal-semiconductor 
contacts has increasingly become a demand for emerging applications in extreme 
environments (such as nuclear facilities, space travel, or high temperature related 
industries). Si as a device layer is unstable under operating temperature > 250oC [48]. SiC 
possesses exceptional chemical and physical properties such as high thermal conductivity, 
a wide band gap, high breakdown field, high saturation velocity, and chemical stability 
[57]. Therefore, metal-SiC Schottky contacts should be more suitable than metal-Silicon 
Schottky contacts for electrical devices operating in harsh environments such as high 
voltage rectifiers, UV radiation detectors, signal mixers, and high temperature gas sensors 
[57, 58]. β-Ga2O3 is a relative newcomer and has an even wider band gap, stronger critical 
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field strength and significant cost advantages. However, thermal management for β-Ga2O3 
appears to be a great concern due to its poor thermal conductivity [9, 59].  
Carbon is a material with great potential for high-power contact applications. 
Schottky diodes using carbon as a contact material to the wide band gap and high 
breakdown field semiconductors such as SiC and β-Ga2O3 can promise thermally stable 
and high-performance devices. Therefore, in this project, carbon on Si, 6H-SiC and β-
Ga2O3 Schottky diodes were fabricated and studied. 
 
1.6 Schottky diodes 
It is likely that the first Schottky diode ever made was a point-contact diode made 
by Braun in the 1870s [60]. He formed metal semiconductor junctions using lead sulphide 
and iron sulphide as semiconductors and metallic ‘whiskers’ for the point contact. When 
microwave radar was developed during World War Two, the metal-semiconductor point 
contact diode became important once again (having seen little use since the vacuum tube 
was invented two decades prior). These devices were mostly used as frequency converters 
and small signal microwave detector diodes and when compared with vacuum tube devices, 
offered lower noise operation and hence, greater suitability as square-law detectors of weak 
microwave pulses [61-63]. In 1948, Bardeen and Brattain reported the carrier injection 
phenomenon in point contact germanium diodes and they realised the point contact Ge 
transistor shortly afterwards [64]. In the 1950s, fabrication of Si p-n junctions became a 
mature technology and metal-semiconductor contacts were then largely designed as ohmic 
contacts [3]. Rectifiers based on pn junctions were more reliable and easier to understand 
than metal-semiconductor point contact rectifiers. The mixture of injection phenomena 
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associated with the metal-semiconductor barrier, unintentional p-n junctions and damage-
induced generation-recombination all contributed to undesirable variability in point contact 
diodes. Several factors contributed to a revival of interest in Schottky diodes. The 
development of the planar Schottky diode process (intended primarily for field effect 
transistors) led to a better understanding of interfaces and associated cleaning techniques 
[65-69]. As a result, large area metal-semiconductor rectifiers quickly became electrically 
reliable with stable and reproducible characteristics. The discovery and implementation of 
low temperature silicide formation enabled subsurface intermetallic-alloy-to-silicon 
contacts which were influenced much less strongly by surface contamination [70-72]. 
In the 1960s, planar Schottky diodes led to several important applications. Baird 
patented a Schottky barrier clamp integrated with a silicon bipolar transistor in 1964 [73]. 
Mead reported the metal-semiconductor field effect transistor (MESFET) in 1966 [74]. The 
development of miniature planar Schottky varactors and varistors for microwave 
applications also took off in the 1960s [75, 76]. The constant demand for higher frequency 
and faster switching semiconductor devices has led to commercial applications for 
Schottky diodes including saturation-preventing clamps in high speed bipolar integrated 
circuits for computers and other switching networks, a variety of high power Schottky 
diodes used for circuit protection, discrete high frequency diodes and transistors for signal 
detection and amplification circuits in microwave communication systems [3]. 
A complete Schottky diode suitable for embedding in a circuit includes the 
rectifying (Schottky) metal/semiconductor junction and a non-rectifying (Ohmic) contact 
(see Figure 1-5). In the figure, a SiO2 passivation layer is shown in the device. This feature 
is common in many Schottky diodes to assist in isolation and can also help to increase the 
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efficiency of Schottky solar cells [77-79]. The guard ring helps to alleviate edge enhanced 
electric field effects and improves the reverse breakdown threshold [80, 81]).  Typical 
metals used to establish Schottky contact with semiconductors are Aluminum (Al) [82-84], 
Tungsten (W) [85-87], Nickel (Ni) [88-90] and metal silicides [91-94]. More recently, 
carbon and its polytypes such as graphite [95-97], graphene [98-100] and carbon nanotube 
[101-103] have been employed as the Schottky contact materials to a variety of 
semiconducting materials. Chemical and thermal stability are primary drivers in these 
investigations but the wide range of electrical properties available when forming carbon 
thin films is also a distinct benefit when comparing this material with metallic contact 
layers. The design, fabrication and characterization of energetically deposited carbon 
Schottky contacts has been the main focus of the work reported in this thesis. 
 
Figure 1-5: Structure of a Schottky diode with Schottky (rectifying) and Ohmic (non-
rectifying) back metal contact [77-79]. 
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1.6.1 Brief overview of metal-semiconductor junction formation and electrical 
properties 
Metal-semiconductor contacts in semiconductor devices can be rectifying  Schottky 
barrier contacts or Ohmic contacts [104]. The linear behaviour of Ohmic contacts is 
indispensable in semiconductor devices [105]. Ohmic behaviour depends on the 
relationship between the work function of the metal (𝜙𝑚) and  the work function of the 
semiconductor (𝜙𝑠) [22]. In the case where the metal work function is greater than the 
semiconductor work function (𝜙𝑚 > 𝜙𝑠), the energy bands of an n-type semiconductor 
bend upwards and hence cause a barrier which hinders electrons crossing the junction. 
Given the same difference in work functions and a p-type semiconductor holes can move 
freely across the junction [3]. Hence, the n-type semiconductor junction is rectifying 
(Figure 1-6a) while Ohmic behaviour is exhibited by the same metal on the p-type 
semiconductor (Figure 1-6b). Similarly, for the case where the metal work function is less 
than semiconductor work function (𝜙𝑚 > 𝜙𝑠), Ohmic behavior is exhibited by the metal 
on the n-type semiconductor (Figure 1-6c) and rectifying behaviour is exhibited by the 
same metal on the p-type semiconductor (Figure 1-6d). Therefore, to make an Ohmic 
contact, it is necessary to find metal-semiconductor combination with ϕm < ϕs when the 
semiconductor is n-type or ϕm > ϕs when it is p-type. However, there are few combinations 
with these properties [106, 107]. 
The majority of Ohmic contacts are made by creating a thin highly doped 
semiconductor layer adjacent to the metal [106]. Among numerous methods, this layer can 
be created by heat treatment [108]. Under high temperature, the metal and the 
15 
 
semiconductor form an alloy which contains a high concentration of electrically active 
elements that cause low electrical resistance [109]. 
 
Figure 1-6: Thermal equilibrium energy band diagram for metal contact with n-type and 
p-type semiconductor (modified from [23]). 
 
According to Sze [22, 23], the typical current voltage characteristic of a Schottky 
diode follows the form shown in Figure 1-7. Typical Schottky diodes have rectifying 
characteristics that allow current to flow in forward bias (for voltages greater than a 
characteristic threshold voltage) and prevent current flow in reverse bias.  
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Figure 1-7: Typical current-voltage characteristic of n-type Schottky diode. The inset is a 
simplified schematic of a n-type 6H-SiC Schottky diode. 
 
1.6.2 Applications 
Schottky diodes are used in a wide range of applications from basic bipolar 
integrated circuits to optical, nuclear, and microwave applications [3, 110, 111]. Schottky 
diodes also exhibit advantages over p-n diodes because they are majority carrier devices 
[112]. These advantages include: fast switching speed, low forward voltage drop, and 
compact device size [39]. Disadvantages of Schottky diodes include their high dependency 
on surface contamination and the performance instability at high operating temperatures 
(>300oC) [106]. 
1.7 Carbon materials 
Carbon materials such as graphite or diamond have existing industrial applications 
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due to their outstanding durability. Carbon thin films have been utilized in highly efficient 
batteries [113-116], electrodes [117-120], sensors [121-124] and aerospace/assembly 
applications [125, 126]. Many investigators believe that there still remains untapped 
potential in these materials for further electronic applications. The discoveries of carbon 
nanotubes and graphene have reinforced this belief and the enormous research interest is 
reflected in the number of publications focusing on carbon-based materials (three time 
greater than Silicon publications) (Figure 1-8) [127, 128].  
 
 
Figure 1-8: Carbon journal publications per year since 1970 (Source: ScopusTM search 
engine with titles “Carbon”, “Graphite”, “Graphene”, “Carbon Nanotube” or “Diamond”, 
April 02, 2019) 
 
In regard to Schottky contact materials, beyond popular choices such as Ni, Al, Ti, 
Au or Pt [129-134], carbon appears to be an excellent candidate. Carbon and its polytypes 
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such as graphite, graphene, or amorphous carbon are establishing themselves as novel 
materials in semiconductor research [2, 135, 136]. The literature shows that 
interconnections coated by graphene can provide suitable electrical and endurance 
properties to improve or replace conventional Copper interconnects [137, 138]. Graphene, 
with low contact resistance and high-power compliance, was recently reported to be an 
advantageous material as a Schottky contact to Si [99, 139, 140].  
Furthermore, carbon is one of the most commonly occurring elements and can be 
found in many different forms. The atoms of carbon bond together in several ways, creating 
different polytypes. Among these polytypes, the best known are graphite, diamond and 
fullerenes [141]. Experimental studies show that graphite exhibits good electrical 
conduction while diamond, carbon nanotubes and graphene have high thermal conductivity 
[142, 143] and are considered as promising alternatives for use in future high-performance 
devices.  
Carbon has three different bonding states: sp, sp2 and sp3 which are shown 
schematically in Figure 1-9 [118, 144, 145]. Each hybridization state of the carbon atom 
exhibits distinct electrical and chemical characteristic. 
 
Figure 1-9: Hybridization of the carbon atom [118, 144, 145]. 
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 In carbon thin film applications, graphitic carbon, amorphous carbon, graphene, 
carbon nanotubes and diamond have been exploited. Structures of these allotropes are 
shown in Figure 1-10 [1, 118]. 
 
Figure 1-10: Some allotropes of carbon: a) diamond; b) graphite; c) graphene; d) 
amorphous carbon; e) carbon nanotube [146-150]. 
 
1.8 Experiment activities 
In this work, Schottky diodes were fabricated on Si, 6H-SiC and β-Ga2O3 substrates 
using energetic deposition to make (largely graphitic) carbon contacts. Deposition 
conditions were controlled to manipulate the bonding within the carbon layers. The 
fabrication processes included wafer cleaning, die dicing, spin coating, mask alignment, 
optical lithography, energetic deposition and metal coating. Devices were characterized 
electrically by current-voltage (I-V) and capacitance-voltage (C-V) measurements under 
varying temperatures. Material characterizations were also conducted, including scanning 
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Raman 
spectroscopy and physical characteristic measurements (Hall and film thickness 
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measurement). Details of these fabrication and characterization processes are provided in 
chapter 3. 
 
1.9 Thesis organization 
This thesis is organized as follows: 
• This first chapter provides a background together with motivations and objectives 
of the thesis. 
• Chapter 2 provides a review of relevant literature including previous reports on 
devices using carbon device layers. 
• Chapter 3 describes the fabrication and characterization techniques utilized in this 
project to fabricate and analyze Schottky devices. 
• Chapter 4 describes the temperature dependent electrical characteristics of 
graphitic-C on Si Schottky diodes. Analysis based on these measurements is 
discussed and compared with other reported characteristics from similar devices. 
• Chapter 5 examines the temperature dependent electrical characteristics of 
graphitic-C on 6H-SiC Schottky diodes. 
• Chapter 6 analyzes the temperature dependent electrical characteristics of 
graphitic-C on β-Ga2O3 Schottky diodes. 
• Chapter 7 summarizes the thesis findings and discusses possible future work. 
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CHAPTER 2 
 
BACKGROUND AND RECENT ADVANCES IN CARBON-BASED 
SCHOTTKY DEVICES 
 
2.1 Introduction 
Interfaces between semiconductors, metals, and/or insulators are ubiquitous in 
semiconductor technology. The focus of this project is on metal-semiconductor junctions 
and in particular, current-rectifying Schottky junctions. Carbon has emerged as a material 
with higher chemical/thermal endurance when compared to more conventional contact 
materials. In this project, energetically deposited carbon has been used to produce Schottky 
contacts to semiconductors. Silicon, silicon carbide and gallium oxide were selected as the 
semiconducting materials as both are extensively used in power electronics, a field in 
which the aforementioned thermal stability of carbon could provide significant benefits. In 
the remainder of this chapter, the investigated device materials are described and following 
this, the band structure, interface- and transport- properties of Schottky diodes are 
presented and finally, a chapter summary is provided. 
 
2.2 Schottky diode 
A Schottky contact is a semiconductor device formed from two layers: a metal (or 
semi-metal) and a semiconductor.  A potential barrier formed from a space charge on the 
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semiconductor surface was first reported by Schottky and Mott in 1938 [1, 2]. In the 
Schottky-Mott model for a Schottky junction, the barrier height is given by [1, 2]: 
 Φ𝐵 = Φ𝑚 − χ Eq. 2-1 
Where ΦB is the barrier height of the Schottky contact, Φm is the metal work function and 
χ is the electron affinity of the semiconductor. 
The potential barrier formed between the metal and semiconductor determines the 
flow of current and is shown in an energy band diagram in Figure 2-1. In Figure 2-1a, a 
metal and n-type semiconductor are shown separated. The metal work function Φm is 
defined as the energy difference between the Fermi level EF and the vacuum level, the 
electron affinity χ is the energy difference between the conduction band EC and the vacuum 
level and qVn is the energy difference between conduction band EC and Fermi level EF. 
When the two layers are brought into contact, the electrons flow from the semiconductor 
conduction band to the metal, resulting in a region in the semiconductor near the interface 
being depleted of mobile charge. As a result, the bands are bent upwards at the interface 
and a potential barrier is formed, as shown in Figure 2-1b. The Fermi levels of the two 
materials are levelled in the absence of external bias. An electron must obtain sufficient 
energy to overcome the potential barrier and to flow from one side of the device to the 
other. The depletion region is described by: 
 𝑊𝐷 = √
2𝜖𝑠
𝑞𝑁𝐷
(𝑞𝑉𝑏𝑖 − 𝑉 −
𝑘𝑇
𝑞
) Eq. 2-2 
where WD is the depletion width, εs is the permittivity of semiconductor, q is the electron 
charge, ND is the donor concentration, Vbi is the built-in potential, V is the applied voltage, 
k is Boltzmann’s constant, and T is the temperature in Kelvin. 
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Figure 2-1: (a) Energy band diagram of an isolated metal adjacent to an isolated n-type 
semiconductor. (b) Energy band diagram of the same metal and semiconductor in contact 
(reproduced from [3]). 
 
In theory, Eq. 2-1 shows a strong dependency between barrier height and metal 
work function dΦB/dΦM = 1. However, this relationship is rarely seen in experimental work 
[4, 5].  The Schottky barrier height measured in actual experiments implies some relation 
to the preparation of the semiconductor surface. In other words, the Schottky barrier height 
depends not only on the metal work function but also the quality of the metal-
semiconductor interface. In much of the reported literature, the actual dependence of 
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Schottky barrier height on the metal work function is much weaker (SΦ = dΦB/dΦM  << 1) 
than indicated by the Schottky-Mott theory [4, 6-8]. This phenomenon is known as “Fermi-
level pinning” [9, 10]. Furthermore, barrier inhomogeneity is also a problem which 
complicates the dependency. Barrier inhomogeneity is described as a fluctuation of barrier 
height of a Schottky contact as temperature changes or as the variation (called ideality 
factor, > 1) of the barrier height calculated from an I-V characteristic of a Schottky contact 
[11-13]. The issue is observed in various kinds of Schottky contacts from traditional Si to 
novel materials such as SiC and Ga2O3 [8, 12, 14-29]. 
 
2.2.1 Interface states 
As stated, in ideal cases, the barrier height of a Schottky diode follows the Schottky-
Mott relation Eq. 2-1. In real (‘non-ideal’) metal-semiconductor interfaces, a significant 
number of surface states are present on the surface of the semiconductor. These states 
significantly affect the barrier height and cause Fermi level pinning [9, 30]. The 
phenomenon referred to as "Fermi level pinning" results from the creation of some energy 
states in the band gap that set (pin) the Fermi level, with a dominating effect over the 
predicted effect described by Eq. 2-1. This pinning makes the Schottky barrier height 
almost completely insensitive to the metal work function [31-33]. The Fermi level pinning 
effect is prominent in many semiconductors such as Ge, Si and GaAs [10, 31, 34, 35]. To 
alleviate this problem, additional processing steps can be introduced. For example, adding 
an intermediate insulating layer between the semiconductor and metal is known to facilitate 
unpinning of the bands [36-38]. 
35 
 
Interface states can even be created in the absence of native defects by tunneling of 
metal electron wave functions into the semiconductor gap [39, 40]. These are known as 
metal induced gap states (MIGS) and have been extensively modeled by Mönch [18]. 
MIGS have a tendency to pin the barrier height close to the charge neutrality level ΦCNL of 
the semiconductor. In a semiconductor, the most common and most prominent sources of 
charge are electrons, holes, ionized acceptors and ionized donors. When all the charge in a 
given volume sum to zero, charge neutrality level is achieved [3, 41]. In other words, in a 
uniformly doped semiconductor the negative charge associated with an electron or ionized 
acceptor would be canceled by the positive charge associated with a hole or ionized donor. 
As a result, the homogeneous barrier height is modeled as: 
 Φ𝐵 = S(𝑋𝑚 − 𝑋𝑠) + Φ𝐶𝑁𝐿 Eq. 2-3 
Where S = dΦB/dXm is the slope parameter, while the electronegativity of the metal Xm 
usually varies linearly with Φm [18]. ΦCNL is the energy level at which the MIGS change 
from exhibiting a donor to an acceptor like nature and its value is often close to the center 
of the gap (Eg/2) [42]. The slope parameter S between barrier height and electronegativity 
can be observed in Figure 2-2. 
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Figure 2-2: Barrier height versus electronegativity of metals deposited on Si, GaSe, and 
SiO2 [41]. 
 
2.2.2 Image force lowering 
Image-force lowering, also known as Schottky-barrier lowering, is an image-force 
induced by electrons near the metal surface hence causing the lowering of barrier energy 
(at a metal-semiconductor interface). Sze explained that when an electron is positioned at 
a distance x from the metal, a positive charge is induced on the metal surface; hence the 
attractive force of the electron toward the metal can be expressed as [41]: 
 F(x) =
−q2
16𝜋𝜀𝑜𝑥2
 Eq. 2-4 
Where εo is the permittivity of free space, x is the distance from metal surface and q is the 
electron charge. According to Sze, the magnitude of the image force lowering ΔΦ and the 
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location of the lowering xm can be calculated by evaluating the maximum field ξm of the 
metal-semiconductor interface from the potential energy and external electric field ξ [41]: 
 ΔΦ = √
𝑞𝜉𝑚
4𝜋𝜀𝑠
 Eq. 2-5 
 x𝑚 = √
𝑞
16𝜋𝜀𝑜|𝜉𝑚|
 Eq. 2-6 
In non-ideal Schottky diodes, the maximum electric field at the surface can be 
approximated by [41]: 
 ξ𝑚 = √
2𝑞𝑁𝐷|Ψ𝑠|
𝜀𝑠
 Eq. 2-7 
Where ψs is the surface potential at the metal-semiconductor interface. Therefore, the 
image force lowering can be calculated from: 
 ΔΦ = (
𝑞3𝑁𝐷|Ψ𝑠|
8𝜋2𝜀𝑠3
)
1/4
 Eq. 2-8 
The Schottky barrier lowering effect for a metal on n-type semiconductor under different 
biasing conditions is illustrated in Figure 2-3. For forward bias (V > 0), the field and the 
image force are smaller hence the barrier height is slightly larger than the barrier height at 
zero bias. For reverse bias (V < 0), the field and the image force are larger hence the barrier 
height is smaller than the barrier height at zero bias. 
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Figure 2-3: Energy-band diagram incorporating the Schottky effect for a n-type metal 
semiconductor contact under different biasing conditions (reproduced from [41]). The 
intrinsic barrier height is ΦBn0. The barrier height at thermal equilibrium is ΦBn. The barrier 
is lowered under forward and reverse biases by ΔΦF and ΔΦR respectively. 
 
2.2.3 Current-voltage characteristics 
The current-voltage characteristics of a Schottky diode are described by [41]: 
 I = AA∗𝑇2 exp (−
𝑞Φ𝐵
𝑘𝑇
) 𝑒𝑥𝑝 [(
𝑞𝑉
𝑛𝑘𝑇
) − 1] Eq. 2-9 
where I is the current, V is the voltage, A is the contact area, A* the Richardson constant, T 
is the temperature, k is Boltzmann’s constant, and n is the ideality factor. In non-ideal 
Schottky diodes, the series resistance Rs can be accounted for using: 
 I = I𝑠𝑒𝑥𝑝 [(
𝑞(𝑉 − 𝐼𝑅𝑠)
𝑛𝑘𝑇
) − 1] Eq. 2-10 
With Is being the saturation current: 
39 
 
 I𝑠 = AA
∗𝑇2 exp (−
𝑞Φ𝐵
𝑘𝑇
) Eq. 2-11 
As a result, the barrier height and ideality factor of the Schottky diode can be 
estimated as: 
 Φ𝐵 =
𝑘𝑇
𝑞
ln (
AA∗𝑇2
I𝑠
) Eq. 2-12 
 𝑛 =
𝑞
𝑘𝑇
𝑑𝑉
𝑑(𝑙𝑛𝐼)
 Eq. 2-13 
In reverse bias, if the barrier height is substantially smaller than the semiconductor 
bandgap, the reverse current is proportional to the reverse bias due mainly to image force 
lowering [3, 41]: 
 I𝑅 = AA
∗𝑇2 exp(−
𝑞(Φ𝐵 −√𝑞ξ𝑚/4𝜋𝜀𝑠
𝑘𝑇
) Eq. 2-14 
For practical Schottky diodes, the reverse current is typically dominated by leakage 
current due to the sharp edge around the periphery of the metal contact. A high field region 
develops at the metal-semiconductor-oxide interface giving rise to excess leakage currents 
and lowered breakdown voltages [43]. 
 
2.2.4 Current transportation 
There are two basic mechanisms for charge transportation across a Schottky barrier: 
thermionic emission, in which electrons/holes are emitted over the barrier and tunneling 
(field emission) in which electrons/holes quantum mechanically tunnel through the barrier. 
The relative contributions of thermionic and field components depend on both temperature 
and doping level. A parameter Eoo is defined as: 
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 𝐸𝑜𝑜 =
𝑞ℏ
2
√
𝑁
𝑚∗𝜀𝑠
 Eq. 2-15 
Where N is density of states, m* is the electron effective mass. When Eoo << kT, thermionic 
emission dominates and tunneling is negligible. When kT << Eoo, field emission (or 
tunneling) dominates. When kT = Eoo, thermionic-field emission is the main mechanism 
which is a combination of thermionic and field emission. 
 
Figure 2-4: Energy band diagram showing three current transport mechanisms in n-type 
Schottky contact: thermionic emission (TE), thermionic field emission (TFE) and field 
emission (FE) [3]. 
 
In a non-ideal Schottky contact, the existence of an insulating layer at the interface 
significantly alters the device characteristics and a modified theory is required to describe 
these characteristics.  
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2.2.4.1 Thermionic (Schottky) emission 
The thermionic (Schottky) emission process, which was first described by 
Richardson and by more advanced theory later on [44-47], concerns the transport of 
electrons with energies sufficient to overcome the metal-insulator barrier or the insulator-
semiconductor barrier as shown in Figure 2-6c. There were some assumptions that Bethe 
[48] made in regard to the thermionic emission theory: the barrier height ΦB is much larger 
than kT, thermal equilibrium is established and the net current flow does not affect this 
equilibrium. According to Sze, the thermionic emission current is described by the 
following equation [41]: 
 I = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Φ𝐵
𝑘𝑇
) 𝑒𝑥𝑝 (
𝑞𝑉
𝑘𝑇
) Eq. 2-16 
 A∗ =
4𝜋𝑞𝑚∗𝑘2
ℎ3
 Eq. 2-17 
Considering image force lowering, thermionic Schottky emission is described by 
the following equation [49, 50]: 
 I = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Φ𝐵 − 𝛽𝑠√𝐸
𝑘𝑇
)~exp⁡(√𝑉) Eq. 2-18 
Where βs is the Schottky coefficient = (q3/4πεoεr)1/2 and E is electric field. 
 The Richardson constant A* in Eq. 2-17 is derived theoretically, but is in practice 
often multiplied by a correction factor depending on the semiconductor material [51]. The 
work function, ΦB, must be modified in the presence of a surface electric field to account 
for the Schottky effect which describes how the electric field decreases the effective work 
function by the Schottky coefficient βs [52]. 
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2.2.4.2 Direct tunneling 
If the metal-semiconductor contact is sufficiently small, electrons in the 
semiconductor-side may transport across the barrier and move to the other side, even if the 
electron energy is much less than the barrier height. This phenomenon is called tunneling 
transportation. For heavily doped semiconductors, the barrier width becomes thinner hence 
electrons have higher probability to tunnel through the barrier. In metal-semiconductor 
Ohmic contacts, tunneling is generally the dominant mechanism [53]. For direct tunneling, 
electrons tunnel through the barrier as in Figure 2-6a. The direct tunneling current is 
described by [54]: 
 𝐼~𝑉2𝑒𝑥𝑝
(
 −
4𝑑√2𝑚𝑒Φ𝐵
3
3ℏ𝑞𝑉
)
  Eq. 2-19 
where d is the barrier/insulator width and ℏ is Planck’s constant divided by 2π.  
 
2.2.4.3 Space charge effect 
The space charge effect in a semiconductor is determined by both ionized impurity 
concentrations (donor concentration ND and acceptor concentration NA) and the carrier 
concentrations (n and p). In the presence of space charge, the current is called the space 
charge limited current if it is dominated by the drift current due to the injected carriers. In 
Figure 2-5a, the energy band diagram for the case of electron injection is presented. With 
the boundary condition V(x)=V at x=L, the formula of the space charge limited current can 
be obtained [3]: 
 𝐽 =
9𝜀𝑠𝜇𝑉
2
8𝐿3
~𝑉2 Eq. 2-20 
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where μ is electron mobility. As indicated in Eq. 2-20, the space charge limited current is 
proportional to the square of the applied voltage. This relationship is represented in Figure 
2-5b.  
 
Figure 2-5: Space charge effect. a) Band diagram for electron injection and b) J-V 
characteristic due to the space charge effect [3]. 
 
2.2.4.4 Fowler-Nordheim tunneling 
In Fowler-Nordheim tunneling, the carrier only travels through a part of the barrier. 
In this case, both the average potential barrier height and the tunneling distance are reduced 
from those of direct tunneling. The barrier is assumed to have a triangular shape as shown 
in Figure 2-6b and the current density is described by the following equation [55-60]: 
 𝐽 = 𝑐𝑜𝑛𝑠𝑡. {𝐸2𝑒𝑥𝑝 [−
4
3
√2𝑚(𝑒Φ𝐵)
3/2
ℏ𝑒𝐸
]} Eq. 2-21 
Fowler and Nordheim originally ignored the effects of image charge on the shape 
and width of the surface barrier, thereby underestimating the current density to a great 
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degree, but Nordheim later included the Schottky barrier into the field emission model [58, 
59]. Forbes investigated the properties of Fowler–Nordheim type equations, generalizing 
it for barrier shape and correcting for effects of temperature, electron band structure and 
occupation states [60]. 
 
2.2.4.5 Frenkel-Poole emission 
In Frenkel-Poole (or Poole-Frenkel) emission, electrons are trapped in localized 
states. By thermal excitation, electrons receive enough energy to escape their localized 
states and move to the conduction band. The emission process is similar to that in the 
Schottky emission but now the barrier height is the depth of the trap potential well instead 
of the difference between the metal and semiconductor’s Fermi level. The band diagram 
describing this transport mechanism is shown in Figure 2-6d. The current density of 
Frenkel-Poole emission follows [41, 61, 62]: 
 𝐽⁡~𝑒𝑥𝑝(
−𝑞(Φ𝐵 −√𝑞𝐸/(𝜋𝜀))
𝑘𝑇
) Eq. 2-22 
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Figure 2-6: Energy band diagram showing transport mechanisms of (a) direct tunneling, 
(b) Fowler-Nordheim tunneling, (c) thermionic emission and (d) Poole-Frenkle emission 
[3]. 
 
2.2.5 Schottky barrier inhomogeneity 
Non-ideal Schottky contacts are likely to contain inhomogeneities that result in 
dissimilarity in barrier height. Inhomogeneities have been described by numerous reports 
with a broad range of contact materials [14, 20, 24, 29]. Henisch [63] suggested barrier 
disparities occur even in the most rigorously fabricated Schottky contacts. According to 
Tung, Werner and Guttler [12, 14, 15], there are many contributors to barrier 
inhomogeneities including structural defects and contamination at the semiconductor 
interface, intrinsic defect clusters and extrinsic surface defects. 
As an effect of barrier inhomogeneity, the discrepancy between barrier height 
derived from I-V and C-V data is observed [11, 17, 28, 29]. This can be explained by the 
assumption that the current in the I-V measurement is dominated by the current which 
flows through the regions of low Schottky barrier height. Since the low Schottky barrier 
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height patch is pinched-off, the effective Schottky barrier height of the patch is the potential 
at the saddle point, which has a potential with respect to the metal Fermi level. As a result, 
the I-V barrier height through the low patch is significantly lower than C-V barrier height 
[14, 15]. 
Another observed effect is the dependency of barrier height and ideality factor on 
temperature. Shiyang et al [64] reported on inhomogeneity in Schottky contacts consisting 
of CoSi2 on Si. The degradation of barrier height and ideality factor at lower temperature 
can be observed in Figure 2-7. Similar temperature dependency of barrier height and 
ideality factor was also observed in Ti on 4H-SiC Schottky contacts (Figure 2-8) [19]. For 
Carbon based Schottky diodes, this effect has also appeared in the literature. For example, 
graphene on MoS2 Schottky contacts also exhibit temperature-dependent barrier heights 
and ideality factors as in Figure 2-9 [26]. 
  
Figure 2-7: Schottky barrier heights (SBHs) and ideality factors derived from the fitting 
as a function of temperature for CoSi2 contacts on (a) Si (100) and (b) Si (111) substrates. 
The modified SBH data and their linear fits are also shown [64]. 
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Figure 2-8: Ideality factors and SBHs as a function of the 
absolute temperature for Ti/4H–SiC contacts [19]. 
 
  
Figure 2-9: Effective barrier heights and ideality factors as a function of temperature for 
a graphene–MoS2 contact [26]. 
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2.3 Carbon-semiconductor Schottky diodes 
Stelzer and Kreupl demonstrated that Carbon on Silicon (C-Si) contacts have 
almost the same electrical properties compared to the well-established TiSi on Si contacts 
but show a much improved reliability and temperature stability [65, 66]. The structure of 
the graphene on Si Schottky diode from Stelzer and Kreupl’s work is shown in Figure 
2-10. This Schottky diode was fabricated with graphene deposited by chemical vapor 
deposition (CVD), described in [67, 68], but otherwise identical to a commercial BAT15 
diode structure from Infineon. The diode was then subjected to a series of 3.5 MA/cm2 
current pulses with 100ns width. 
 
Figure 2-10: Graphene on Silicon Schottky diode by Stelzer and Kreupl [65, 66]. 
 
The graphene on Si diode endured up to 500 million pulses before the first 
significant increase in reverse current was observed, as shown in Figure 2-11. The 
conventional TiSi-based diode was damaged and hence ‘short-circuited’ after 2 – 4 pulses 
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[65, 66]. The degradation in the graphene on Si diode was observed after 545 million pulses 
and was attributed to dopant diffusion from the substrate or to the diffusion of the top 
metallization. 
 
Figure 2-11: Current voltage characteristic of graphene on a silicon Schottky diode 
after various series of current pulses by Stelzer and Kreupl [65, 66]. After up to 500 million 
pulses the electrical behavior is almost unaffected. Only a small shift of the SBH of 0.01 
eV is observable, leading to a lower reverse current. After 545 million pulses, the reverse 
leakage current increases. 
 
Stelzer and Kreupl stressed the device further (with up to 500ns pulse width current) 
until failure and under certain conditions, the top Ti/Cu/Au layer melted. The scanning 
electron microscope (SEM) image in Figure 2-12 illustrates how the top metallization 
layer was physically damaged after the series of 3.5 MA/cm2 current pulses were applied. 
Using 100 ns current pulses, the graphene on silicon diode endured 548 million pulses 
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before failure with little damage visible (Figure 2-12a). In Figure 2-12b using 300ns 
current pulses and Figure 2-12c using 500ns current pulses, the top Ti/Cu/Au layers melted 
and this is clearly visible. The melting point of Cu is approximately 1360K, and the 
temperature at the graphene/Si interface is much higher [65, 66]. In the COMSOL 
simulation by Stelzer and Kreupl, the temperature of the graphene/Si interface was 
estimated to peak at 1700 K. Figure 2-12d reveals all devices had failed, showing short-
circuit electrical behavior. The important point revealed in the microscopy and electrical 
measurements is that the carbon layer endured greater temperatures than the surrounding 
metallic layers. 
 
Figure 2-12: SEM image of the top view of C-Si Schottky diodes with Ti/Cu/Au top 
metallization after the diodes failed. (a) shows a device after 548 million pulses (100ns) 
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with no obvious visible damage in the top metallization. The device in (b) demonstrates 
the damage of a 300 ns pulse after 1.5 million pulses where the metal started to melt. (c) 
illustrates a sample where the molten copper was spit on the periphery and a circular crater 
was formed after a series of 500 ns pulses. (d) shows J-V characteristics of graphene on Si 
diodes after they reached the threshold for a failed diode [65, 66].  
 
Carbon nanotubes (CNT) are another form of carbon that have been used 
intensively as a promising material to reduce short-channel effects, minimize leakage 
currents and control process parameter variation in high performance electronics [69-72]. 
CNTs have been applied in the fabrication of field-effect transistors (FET) to create 
Schottky barriers at their gates [73-76]. Behnam [77] used single-walled CNTs on GaAs 
as a back to back device (Figure 2-13) and characterized the device from 230K to 340K 
(Figure 2-14). As indicated in Figure 2-13, in order to study the effect of device geometry 
on the dark current, metal-semiconductor-metal devices with different active area widths 
FW, finger lengths FL, finger widths W, and finger spacing’s S were fabricated. 
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Figure 2-13: (a–d) Schematic of the process flow for metal-semiconductor-metal 
photodetectors with CNT film electrodes along the dashed line AB shown in  (e): (a) SiN 
isolation layer deposited on a GaAs substrate, (b) CNT film prepared by vacuum  filtration 
deposited on the substrate after opening the active windows in the SiN layer, (c) CNT film 
patterned into interdigitated electrode fingers by photolithography and inductively coupled 
plasma etching, and (d) Cr/Pd metal contacts patterned on the nanotube film contact pads 
using photolithography, e-beam evaporation, and subsequent lift-off. (e) Optical 
microscope image of the finished metal-semiconductor-metal photodetector, showing the 
various device dimensions. (f) Atomic force microscope (AFM) image showing the area 
between two CNT film electrode fingers of the metal-semiconductor-metal device of part 
(e) [77]. 
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 In Figure 2-14a, the Schottky characteristic of a CNT on GaAs contact is shown. 
The data exhibits the characteristic I-V curves of the back-to-back Schottky diodes making 
up the metal-semiconductor-metal photodetector. Figure 2-14b shows the Richardson plot 
for the temperature range 280K to 340K with linear dashed lines showing the best fit to the 
experimental data. From the I-V data with thermionic mechanism, the SBHs of the CNT 
on GaAs contacts were estimated to be 0.53, 0.54, and 0.54 eV for devices with W = S = 
15, 20, and 30 μm, respectively. The work function of the CNT films was calculated to be 
4.6eV, in line with previously reported values [78, 79]. In the inset of Figure 2-14b, the 
current starts to saturate at temperatures lower than 260 K, which suggests that tunneling, 
which depends weakly on temperature, begins to dominate the transport across the CNT 
film–GaAs junction at lower temperatures [77]. 
  
Figure 2-14: (a) Dark current (log scale) vs applied voltage measured at six different 
temperatures between 230 and 340 K for a CNT film–GaAs metal-semiconductor-metal 
device with W = S = 15 μm and FL = FW = 300 μm. The inset shows the dark I-V 
characteristics of this device at room temperature 294K in linear scale. (b) The Richardson 
plot of log I/T2 vs 1/T at V= 3 V voltage bias in the temperature range of 280–340 K for 
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three CNT film–GaAs metal-semiconductor-metal devices of identical active area (FL = 
FW = 300 μm) but different finger widths W and spacings S, as labeled in the figure. The 
inset shows log current vs 1/T for the metal-semiconductor-metal device with W=S= 20 
um in a wider temperature window (from 150 to 340K) at V= 3 V bias [77]. 
 
Graphitic carbon like graphene, CNTs or ‘graphenic’ carbon is chemically inert and 
stable at extreme temperatures, making it a suitable material for electronic device contacts 
[25, 66, 80-84]. High quality graphitic device contacts have been demonstrated on a variety 
of technologically important semiconducting materials including Si, GaAs and GaN [80], 
graphene [81, 82] and graphitic carbon [66, 80]. C formed on Si diodes have exhibited 
excellent chemical- and thermal- stability with ideality factors approaching unity [66, 80].  
Graphitic device contacts have been formed in numerous ways, including by 
application of colloidal graphite [80], high temperature chemical vapour deposition [66, 
85], pulsed laser deposition [86, 87] and by pyrolizing photoresist [85]. Whilst effective in 
demonstrating the excellent properties and potential applications of these devices, these 
methods require highly elevated substrate temperatures and/or slow exfoliation/application 
processes and to some extent limit applicability. It has been previously shown that 
energetic physical vapour deposition methods, in which C is deposited from a highly 
ionized flux, enable accurate control over the sp2 (graphitic) fraction in C films. This can 
be achieved using moderate (< 100 °C) growth temperatures that are compatible with 
photolithography [88-90]. The application of a direct or remote bias (DC or pulsed) enables 
the energy of the arriving flux to be controlled and consequently, synthesis of C films with 
prescribed sp2/sp3 (graphite-like/diamond-like) bonding fractions, microstructure and 
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electrical properties [84, 89, 90]. Using this approach, highly rectifying graphitic Schottky 
contacts to p-type Si were fabricated and tested [91]. 
Tongay et al [80] performed a comparison of highly oriented pyrolytic graphite 
(HOPG) contacts on Si, GaAs, and 4H-SiC substrates. A HOPG contact was fabricated by 
either “soft-placing” a sheet of HOPG or painting a graphite powder blended in residue-
free 2-butoxyethyl acetate and octyl acetate onto the substrate. Graphite formed a good 
rectification barrier at room temperature for all three substrates as shown in Figure 2-15. 
In these devices, electron transport over the barrier height is dominated by thermionic 
emission as the semilogarithmic J-V curves usually display a sufficiently linear portion in 
the forward-bias region. Tongay [80] reported ideality factors ranging from 1.25 to 2.0 and 
barrier heights of 0.60eV, 0.78eV and 1.60eV for Si, GaAs and 4H-SiC respectively; with 
the high value being attributed to bias dependent barrier heights, generation-recombination, 
thermally assisted tunneling, and image force lowering. These claims are also similar to 
Tung’s work on Schottky barrier theory [4, 92]. From the extracted barrier height value, 
Tongay arrived with the work function for graphite falling in the range of 4.6 to 4.8eV, 
which compares well with some other reported graphite work functions [93-95]. 
Yatskiv [96] demonstrated graphite on Zinc oxide (ZnO) Schottky diodes with ZnO 
grown by the hydrothermal method. The current-voltage characteristic of a graphite on 
ZnO diode is shown in Figure 2-16. From J-V data obtained at different temperatures from 
300 K to 420 K, Yatskiv calculated the barrier heights and ideality factors to be around 0.9 
eV and 1.1 respectively. In this case, the barrier heights and ideality factors remained stable 
in the temperature range 300 K to 420 K. As current transport is dominated by thermionic 
emission, the extracted work function for graphite following the Schottky-Mott relation 
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(described in Eq. 2-1) was determined to be 4.95 eV, which is within the range of values 
reported in the literature [94, 97]. 
 
Figure 2-15: J-V characteristic of HOPG contact at room temperature on (a) n-type 
Si/graphite (red squares), (b) n-type GaAs/graphite (blue circles), and (c) n type 4H-
SiC/graphite junctions (black triangles). Insets: J-V plots on semi-logarithmic axes [80].  
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Figure 2-16: J-V characteristic of the graphite/ZnO(O-face) Schottky diode over the 
temperature range of 300–420 K [96]. 
 
2.4 Summary 
In Chapter 2, the structure and underlying current transport mechanisms of 
Schottky diodes have been presented. Recently, graphitic forms of carbon have been 
employed as Schottky contacts to semiconductors and the chapter also contained a review 
of work in this field. Due to its extreme stability, graphite has the potential to become a 
widely used contact material for high power devices and/or devices operating under harsh 
conditions. The remainder of this thesis describes the experimental methods and the results 
obtained after fabrication and testing of graphitic contacts to Si, 6H-SiC and 𝛽-Ga2O3. 
These results not only support the assertion made by numerous authors that carbon 
materials are a key enabler for next generation electronics but also address some obstacles 
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as well as suggest promising development of these novel materials in the high-power 
sector. 
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CHAPTER 3 
 
FABRICATION & CHARACTERISATION METHODS 
 
 
This chapter describes the experimental work carried out during this project 
including device fabrication, materials analysis, microscopy and electrical 
characterization. The devices were patterned using optical lithography and the layers were 
then deposited by physical vapor deposition. Energetic deposition employed for the 
graphitic carbon layers, is described in detail later in this chapter. Device measurements 
including current-voltage (I-V), capacitance-voltage (C-V) and Hall measurements were 
used to examine the performance of the devices and to enable extraction of material 
parameters from the devices. Scanning electron microscopy (SEM), Raman spectroscopy 
and X-ray photoelectron spectroscopy (XPS) were all essential characterization methods 
required to support the device measurements and an overview of these is also provided.  
 
3.1 Schottky diode fabrication 
3.1.1 Substrate dicing 
Prior to device fabrication and materials analysis, the wafers (wafers’ specs are 
listed in Appendix A) were cleaved or diced to produce substrates approximately 10 × 10 
mm2 in area. Materials were coated with photoresist before being diced/cleaved. The 
wafers were mounted in a Disco Dac 321 automatic dicing machine (as shown in Figure 
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3-1). Once diced or cleaved, the substrates were immersed in acetone to remove the 
protective photoresist coating and were then prepared for cleaning. 
 
Figure 3-1: Dicing machine. 
 
3.1.2 Wafer cleaning 
The standard RCA cleaning procedure was applied to remove organic 
contaminants, oxide layers and ionic contamination from the substrates [1, 2]. They were 
then rinsed in acetone for 5 minutes to remove organic impurities from both the polished 
and unpolished surfaces. Isopropanol (IPA) was used to rinse the substrates to dissolve any 
excess acetone on their surfaces. Finally, they were cleaned in de-ionised (DI) water and 
dried using a dry nitrogen gun. 
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3.1.3 Spin coating 
Spin coating is widely used in semiconductor fabrication to produce uniform thin 
films on substrates from liquid materials applied during the spinning cycle [3-6]. For 
photolithography, a layer of photoresist is formed with a thickness that is dependent on its 
weight/viscosity and the rotational frequency [7, 8]. A Laurell WS-650MZ spin coater, as 
shown in Figure 3-2 was used for this procedure in this project. 
 
Figure 3-2: Laurell WS-650MZ spin coater. 
 
 The substrate was held on a spinning vacuum chuck inside the coater. The 
photoresist was applied from a micro-pipette onto the spinning substrate through an 
aperture in the lid of the coater. AZ1512 positive photoresist was selected for optical 
lithography. When exposed to light with wavelengths ranging from 310nm to 440nm, the 
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resist becomes soluble in an accompanying developer [9, 10]. The AZ1512 coated samples 
were baked for 1 minute at 95oC on a hot-plate prior to UV exposure.  
 
3.1.4 Mask alignment and UV exposure 
The desired device patterns were translated from a Cr-on-glass mask (shown in 
Figure 3-3) to the substrates using a Karl Suss MJB-3 mask aligner, shown in Figure 3-4. 
The UV exposure system uses a 350 W high pressure mercury lamp. Stage movement 
relative to the mask is controlled by x, y and theta aligning verniers. Exposure time was 
typically 30 seconds. After UV exposure was completed, AZ400 developer (diluted in DI 
water 1:4) was used to develop the patterns in the photoresist. 
 
Figure 3-3: Cr on glass masks. 
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Figure 3-4: Karl Suss MJB-3 mask aligner. 
  
 The patterns used for the Schottky anodes were arrays of 40 µm, 80 µm and 160 
µm diameter apertures, shown in Figure 3-5.  
 
Figure 3-5: Circular test device structure. 
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3.1.5 Energetic carbon deposition using a filtered cathodic vacuum arc (FCVA) 
In a filtered cathodic vacuum arc (FCVA), a high current arc discharge is initiated 
on a cathode source to form a high density plasma. The depositing flux consists mainly of 
ions so the energy of the depositing species can be tuned using either a substrate bias or a 
biased grid placed in front of the substrate within the plasma stream [11]. Energetic 
deposition is particularly beneficial when depositing carbon. It has been found that even at 
moderate growth temperatures, the structure and properties of carbon films can be varied 
over a wide range (from ~ 90% graphitic bonding to ~ 80% diamond-like bonding) by 
controlling the energy of the depositing flux [12, 13]. Energetic methods which have been 
used to produce highly activated carbon plasmas include filtered cathodic arc deposition 
[14-18], laser arc deposition [19-22], pulsed laser ablation [23-30], laser vaporization [31-
37], plasma enhanced chemical vapour deposition (PECVD) [38-40], arc discharge [21, 
41, 42], and mixed mode cathodic arc sputtering [43-45]. A FCVA (shown in Figure 3-6) 
is capable of producing thin films of a wide range of materials (both reactively and non-
reactively) including metals, oxides, and carbon [46-55]. During FCVA carbon deposition 
processes, carbon ions, electrons, and other particles in the plasma travel toward the 
substrate. A curved solenoidal magnetic filter allows only ions and electrons to reach the 
target substrate where the ions condense to form the film. For the carbon depositions 
performed in this project, the deposition current through the 68 mm-diameter 99.99% pure 
carbon cathode within the RMIT FCVA system was 60 A DC and the voltage was 27±3 V. 
The chamber/chassis served as the anode which was grounded. Pulsed substrate bias 
voltages of -500 V and -1000 V were used to increase the ion arrival energy and the pulsing 
alleviated charging and discharging across the insulating photoresist [56]. Energies of the 
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depositing fluxes were assumed to be in the range from 0.12 to 1.0 keV due to the fact that 
about 95% C ions produced by the system are singly charged (C+) ions [57]. A photograph 
of the FCVA system installed in RMIT University, Melbourne is shown in Figure 3-7. The 
magnetic filter and cathode chamber are on the right of this image with current, voltage 
and heating controllers on the left. 
 
Figure 3-6: Schematic of a filtered cathodic vacuum arc deposition system, reproduced 
from [58]. 
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Figure 3-7: FCVA deposition system installed in RMIT University, Melbourne. 
  
 All carbon films in this project were deposited on substrates using FCVA 
deposition. The bonding fractions and electrical properties of the carbon films were 
strongly determined by the FCVA deposition conditions, as reported previously. Notably, 
the fraction of graphite-like bonding (sp2 hybridisation) could be altered from ~20% to 
more than ~90% by increasing the magnitude of the substrate bias from floating (~25 V) 
to 1.0 kV. This enabled insulating (low sp2 fraction) and highly conducting (high sp2 
fraction) films to be synthesized on substrates near room temperature and therefore 
provided compatibility with substrates that were photo-lithographically patterned. 
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3.1.6 Ion beam sputtering of metallic device contact layers 
A Gatan 682 precision sputter coating system as in Figure 3-8 was utilized to coat 
Pt, Au or Ag onto the surface of the devices. The system is equipped with three ion guns 
operating at 10kV and a base pressure of 10−5 to 10-6 Torr. The metals are deposited with 
a typical deposition rate of 10 nm/min.  The coating thickness can be controlled via the 
system controller. For the devices described in this thesis, Pt layers of thickness 20nm were 
deposited on top of the C device layer to improve optical contrast for device probing. 
 
Figure 3-8: Gatan 682 precision coating system. 
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3.2 Electrical characterization 
3.2.1 Current-voltage characterization 
Current-voltage (I-V) characterization was performed using a probe-station and a 
Keysight B2902A twin channel source-measurement unit (SMU). The SMU was interfaced 
with a personal computer to enable data extraction and manipulation. The schematic in 
Figure 3-9 shows the typical two-probe measurement circuit. One probe was placed on the 
top side Schottky contact pad, and the other probe was placed on high conductivity silver 
paste contacting reverse-side Ohmic contacts. Dual Al contacts were initially deposited on 
the backside of the semiconductor substrates (with resistivity ~ 1 Ω.cm) and subsequently 
annealed at 350 °C in forming gas for 30 seconds.  To determine that the contacts were 
Ohmic, their room-temperature I-V characteristics were measured in two-probe 
configuration prior to the Schottky diode measurements. 
 
Figure 3-9: Through film I-V measurement circuit. 
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3.2.2 Temperature dependent electrical measurements 
Variable temperature device measurements were performed with the aid of a 
Linkam PE95 temperature controller (shown in Figure 3-10) coupled with a device test 
chamber. The latter was equipped with a sample stage with liquid nitrogen cooling and 
electrical heating. This sample stage also featured miniature electrical probe arms. The 
temperature range of the system was ~80 K to 480 K with stability at set-point temperatures 
of ± 0.5 K. The miniature probes were connected to the aforementioned Keysight SMU to 
record I-V data at the different operating temperatures. 
 
Figure 3-10: Linkam temperature variating system. 
 
3.2.3 Capacitance-voltage characterization 
A Boonton 7200 C-V meter (shown in Figure 3-11) was available for this project. 
It is a microprocessor-based capacitance meter enabling fully automatic 1.0 MHz 
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capacitance measurement. Its operating capacitance range is ~5 fF to 2000 pF. This meter 
was connected to the probes on the probe-station for capacitance measurements on 
Schottky diodes. The capacitance of the test leads and probes was de-embedded prior to 
device measurements. From the C-V measurements, doping densities and surface/interface 
charge densities were calculated. 
 
Figure 3-11: Boonton 7200 C-V measurement system. 
 
3.3 Material characterization 
3.3.1 Introduction 
In this section, different material characterization methods such as Scanning 
Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS) and Raman 
spectroscopy, will be introduced. These methods were utilized to analyze composition, 
surface and structure of devices in the research project. These analyses assisted in assessing 
the impact of different parameters on the performance of the devices. In microanalysis, the 
analytical spot size ranges from approximately 100 μm down to 100 nm and the depth of 
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the analysis can be as small as a few nanometers. Sample preparation is required for many 
of the analysis techniques. Figure 3-12 shows the most common materials analysis 
techniques on a plot indicating spot size (sample collection area) and sensitivity. In this 
project, SEM, Raman and XPS were employed. 
 
Figure 3-12: Common microanalysis techniques with different resolution. Figure 
reproduced from [59]. 
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3.3.2 Scanning Electron Microscopy (SEM) 
The SEM uses a beam of high energy electrons generated by an electron gun, passed 
through magnetic lenses, focused at the specimen surface and systematically scanned 
(rastered) across the surface of a specimen as shown in Figure 3-13. The SEM image is 
formed from a serial data stream i.e. it is an electronic image. Increased magnification is 
produced by decreasing the size of the area scanned together with increasing the energy 
level of the electron beam. 
 
Figure 3-13: SEM system schematic showing the electron gun emitting electrons which 
are then accelerated as a beam towards the sample/specimen. Resulting electrons from the 
sample are collected to form an image on a computer screen. Figure reproduced from [59]. 
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There are several imaging modes of the SEM such as secondary electron (SE) 
imaging, backscattered electron (BSE) imaging and energy dispersive X-ray spectroscopy 
(EDX or EDS).  
A Philips XL30 equipped with a tungsten filament and a Nova NanoSEM equipped 
with a field emission gun were both used in this project. The XL30 can collect secondary 
electron (topography) images using a standard chamber mounted Everhart-Thornley 
detector, or a backscatter detector can be mounted to the bottom of the column to collect 
backscattered electron images. Backscattered electron images contain atomic number 
contrast (Z-contrast), and can enable elemental identification.  
 
Figure 3-14: The Philips XL30 SEM tool at the RMIT University RMMF (RMIT 
Microscopy and Microanalysis Facility). 
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3.3.3 X-ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a technique used to measure chemical 
and electronic characteristics of elements within materials. As shown in Figure 3-15, 
photo-electrons from core atomic energy levels are collected in a high to ultra high vacuum 
environment (typically from 10-8 mbar to less than 10-9 mbar). A beam of X-rays is focused 
on the sample surface and this causes photo-electrons to be ejected from the constituent 
atoms within the material. These ejected photo-electrons are received at a collection lens 
with different intensities. An electron energy analyzer measures the kinetic energy of 
electrons and detectors quantify the numbers of electrons that arrive within small energy 
ranges. The position and shape of characteristic peaks in electron binding energy level plots 
provide information on the elements and compounds in the sample and acquired XPS 
spectra can be compared with reference spectra from the literature [60-63]. In this project, 
XPS was performed using a Thermo Scientific K-alpha system with a monochromated Al 
K-α 1487 eV source. 
 
Figure 3-15: Demonstration of a XPS system’s operation [64]. 
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 Quantification of the graphitic order/bonding fractions in the carbon contact 
materials was an important application of XPS in this project. For this, the C 1s spectrum 
was collected and peak fitting was performed to reveal the contributions from sp2 and sp3 
bonded C [65-69]. Figure 3-16a shows that after peak fitting, the sp2:sp3 ratio in a carbon 
film deposited near room temperature from a C bias of 500 eV is determined to be 
approximately 2:1 while the ratio for a carbon film deposited at 1.0 keV is approximately 
3:1 (Figure 3-16b). Besides controlling the substrate bias voltage within the FCVA 
system, it is also possible to control the sp2:sp3 ratio of carbon by adjusting other 
parameters such as substrate temperature, arc current, and source to substrate distance 
[70, 71] or by other methodologies such as selective oxidation or by injecting argon or 
hydrogen during deposition [72, 73]. 
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Figure 3-16: Typical XPS data from C films energetically deposited with ion energies of 
(a) -500 eV and (b) -1.0 keV substrate biases applied. 
 
3.3.4 Raman spectroscopy 
Raman spectroscopy provides a structural fingerprint. The method relies on 
measuring the change of frequency that occurs in light that is inelastically scattered via 
photon interactions from a material [74, 75]. The laser light source employed in Raman 
spectroscopy is usually in the visible range. The laser light interacts with the sample’s 
surface by transferring energy between the photon and the molecule, resulting in the energy 
of the re-emitted photons being shifted relative to the incident photon energy [74, 76, 77]. 
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The shift in energy of the re-emitted photons provides information about the microstructure 
of the samples [76-79]. Raman spectroscopy was performed using a Horiba Scientific 
LabRAM HR Evolution equipped with a 532 nm laser (shown in Figure 3-17). 
 
Figure 3-17: Photograph of a Horiba Scientific LabRAM HR Evolution Raman system, 
such as used at RMIT University. 
 
Figure 3-18 shows representative Raman and X-ray photoelectron spectra (XPS) 
taken from different carbon films. Figure 3-18 (a) and (b), show the Raman spectra from 
the C films deposited at 25 ºC/0.52 keV and 100 ºC/1.0 keV. D and G peaks in these spectra 
are characteristic of graphite with some structural order [80]. The intensity of the D peak 
divided by the intensity of the G peak provides a measure of the structural order [80]. This 
number is 0.84 for the 25 ºC/0.52 keV and 1.1 for the 100 ºC/1.0 keV layers showing (as 
expected) that the higher energy deposition provides greater structural order. The 
additional peaks in these spectra are attributed to surface-bound carbon-oxygen 
contaminants that result from and remain after photolithography.  
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Figure 3-18: Raman spectra taken from carbon films deposited at (a) 25 ºC/0.52 keV  and 
(b) 100 ºC/1.0 keV. The peak from the Si substrate and the D and G peaks are labeled. 
 
3.3.5 Film thickness measurement 
A KLA Tencor P-16+ surface profiler (Figure 3-19) was used in this project to 
measure the thickness of deposited films and device layers. From these measurements, 
deposition rates were inferred based on the duration of the deposition process. 
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Figure 3-19: KLA Tencor P-16+ surface profiler. 
 
3.3.6 Hall measurement 
An Ecopia HMS-3000 Hall Measurement System shown in Figure 3-20 was 
available for sheet resistance, carrier concentration and carrier mobility measurements. The 
HMS-3000 also includes a I-V curve capability which was used to verify the linearity of 
ohmic substrate contacts. The measurement procedure follows the four-point Van der Pauw 
method [81-84]. A spring clip board shown in the lower right corner of Figure 3-20 was 
used to make electrical contacts with the sample substrate during measurement. In this 
project, Hall measurements were mainly used to measure the doping concentrations of the 
Si, 6H-SiC and β-Ga2O3 substrates. 
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Figure 3-20: Hall measurement HMS-3000 system. 
 
3.4 Summary 
In this chapter, the principle fabrication and characterization methodologies used 
during the project were described. The Schottky diodes were fabricated using standard 
photolithographic processes. The FCVA deposition used to deposit the carbon device 
layers is not a method used in CMOS fabrication but proved compatible with 
conventionally patterned photoresist (the temperatures reached during energetic deposition 
were moderate and exposure to the plasma did not compromise the photoresist). 
Importantly, by manipulating the FCVA deposition’s conditions, carbon contacts with 
differing electrical properties could be produced. I-V-T characterization, C-V 
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characterization, SEM analysis, XPS analysis and Raman spectroscopy were then 
employed to study the films and devices. 
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CHAPTER 4 
 
GRAPHITE ON SILICON SCHOTTKY DIODE 
 
This chapter presents temperature dependent electrical characteristics of energetic 
C on p-Si diode. Using energetic deposition, highly rectifying graphitic Schottky contacts 
to p-type Si are demonstrated. After analysis, this data is used to elucidate the properties 
of the C-Si interface, including lateral homogeneity, and explain the near-ideal device 
characteristics. 
4.1 I-V characteristics 
A typical room temperature current-voltage (I-V) characteristic from a C/p-Si diode 
is shown in Figure 4-1 and is consistent with previously reported characteristics [1]. The 
ideality factor (n) of the diode was obtained (assuming thermionic emission over a Schottky 
barrier and neglecting shunt resistance) from the slope of the linear portion of the forward 
I-V characteristic in Figure 4-1 and using I = Is [exp(q(V-IRs)/nkT) –1] where V is the 
voltage across the diode, q is electron charge, k is Boltzmann's constant and T is 
temperature. The barrier height, ΦB, of the diode was calculated to be 0.60 eV from Is = 
AA*effT
2 exp(-qΦB/kT) where A is the active diode area and A*eff is the effective Richardson 
constant. The saturation current (Is) was determined to be 20 pA by extrapolation of the 
linear region in forward bias to the y-intercept [2].  
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Figure 4-1: Room temperature I-V characteristics of an energetically deposited C/p-Si 
junction. The inset shows the structure of the device and the measurement circuit. 
 
With an ideality factor of n = 1.05 and five orders of magnitude current rectification 
at ±1.0V, these devices are amongst the best reported for graphitic/graphenic junctions to 
Si. For comparison, Sinha et al. [3] reported ‘ideal’ graphene-Si Schottky diodes with 
ideality factors of n = 1.08. Non-energetically deposited (colloidal) graphitic carbon for 
C/p-Si devices formed on the same substrate as energetically deposited graphitic carbon 
exhibit inferior characteristics [1], consistent with the presence of more defects at the 
interfaces. This result suggests that the energetic C flux affects the interface. Electron 
microscopy on sectioned samples has shown negligible surface oxide between the C and 
Si [4]. Since a native oxide removal process (such as wet etching in HF acid) was not 
performed prior to the energetic C deposition, the oxide must have been removed by the 
energetic plasma during deposition.      
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I-V-T (I-V at different temperatures) measurements were performed on the C/p-Si 
Schottky devices to further investigate the properties of the interfaces. Figure 4-2(a) shows 
the low forward bias region of the I-V characteristics of one such device. (The current is 
limited at higher forward bias by the series resistance). The validity of the Schottky 
emission model is demonstrated by the linearity of the data across the range of temperatures 
investigated. According to thermionic emission theory, ln(Is/AT
2) = -qΦBeff/kT + ln(A*eff) 
[2] and an effective Richardson constant for the p-Si substrate can therefore be extracted 
from the I-V-T data (as shown in Figure 4-2(b)). This produces a value for A*eff of 27 ± 8 
Acm-2K-2, in agreement with the reported value of 32 Acm-2K-2 for holes in p-type Si [5]. 
The effective barrier height determined from Figure 4-4 is ΦBeff = 0.54 ± 0.006 eV. Under 
reverse bias (Figure 4-3), the dominant transport mechanism was direct tunnelling, as 
expected for a Schottky diode with low reverse leakage current. 
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Figure 4-2: (a) Forward bias I-V characteristics of a C/p-Si Schottky diode (C 
deposited at 100 ºC and 1.0 keV) with linear fits showing transport dominated by 
thermionic emission in the temperature range 98 - 498 K. (b) Richardson plot used to 
extract the effective Richardson constant.  
 
 
Figure 4-3: Theoretical fits of direct tunneling model for the I-V-T characteristics 
of a C/p-Si diode in the region of the reverse-bias voltages. Reverse currents at temperature 
98 K are below the noise threshold 2 pA. 
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The aforementioned extraction method for A*eff and ΦBeff is known to be affected 
by barrier height inhomogeneity [6]. Figure 4-4 shows apparent barrier heights and ideality 
factors of the same C/p-Si Schottky device evaluated at temperatures from 98 - 498 K. 
Over this temperature range, the apparent barrier height varies from 0.2 to 0.8 eV while the 
ideality factor varies from 1.2 to 6.0.  Similar variations in these parameters have been 
reported for Schottky devices on many differing semiconducting materials with many 
differing metallic and semi-metallic contacts (see for example [7-9]). In laterally 
inhomogeneous junctions, regions of the barrier with lower height transmit more current 
at lower temperature and as the device temperature increases, more current is transmitted 
over higher barriers leading to an increase in the effective device area [7].  
 
Figure 4-4: Temperature dependent barrier height and ideality factor of the 
energetically deposited (100 ºC/1.0 keV) C/p-Si Schottky diode. 
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4.2 C-V characteristics 
Figure 4-5 shows plots of 1/C2 versus applied bias obtained from the energetically 
deposited devices. The difference in slope of the 0.52 keV and 1.0 keV is attributed to the 
differing microstructures resulting from the differing deposition conditions as described in 
Section 3.3.3. These are approximately linear, consistent with an approximately uniform 
doping concentration (2.6 × 1016 cm-3 which agrees with manufacturing doping 
concentration 5.0 × 1016 cm-3)  in the p-type Si substrates. A linear extrapolation to the 
intercept with the x-axis gives the barrier height (фC-V) and built in potential (Vbi) according 
to the relationship фC-V = Vbi + Vo + kT/q where Vo is the bulk potential of Si based on the 
effective density of states [2]. The C-V measurements yielded higher (flat-band) barrier 
heights (1.0eV) than those obtained from the I-V measurements (0.6eV). This disparity in 
barrier height measured by I-V and C-V is often observed and is consistent with the 
presence of a thin, resistive layer at the interface between the C contact and p-type Si 
substrate [10]. Molecular dynamics simulations have shown that the first few monolayers 
of C deposited onto a surface at high energy are disordered and are not sp2-rich [11]. As 
the deposition continues, the orientation and high sp2 bonding develop in tandem (see supp. 
movie 3 in [11]).  Therefore it is believed that these a-C interfacial layers exist in these 
devices and leads to the aforementioned disparity.  Previous work suggests this layer may 
also be a contributory factor in the high performance of the devices. Song et al. [12] 
reported that an increase (from 0.5 to 1.5 nm)  in the thickness of an interfacial resistive 
layer in graphene/n-Si diodes resulted in significantly improved device characteristics with 
n changing from 1.8 to 1.1 and Is changing from 10
-6 to 10-12 A.  
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Figure 4-5: Plots of inverse capacitance square versus reverse bias voltage measured from 
Ag/C/p-Si contacts with C deposited at the energy/temperature indicated. 
 
4.3 Richardson constant 
Since inhomogeneity can be minimised but never eradicated, numerous analysis 
methods have been developed to clarify the effects of inhomogeneity using I-V-T 
characteristics [6, 13]. The approach of Kim et al. [13] is followed to calculate the 
Richardson constant by assuming a Gaussian distribution of barrier heights over the 
Schottky junction area. This Schottky junction is then characterized by a zero-bias mean 
barrier height (ΦBmean) and a standard deviation (σo), and the apparent barrier height ΦB 
then equals ΦBmean − qσo2/2kT [13, 14]. Fitting the data plotted in Figure 4-6 results in 
the values of ΦBmean = 1.0 eV and σo = 0.13 V. This σo is significantly smaller than ΦBmean 
(only contribute to 1% difference of apparent barrier height ΦB), consistent with a near-
ideal Schottky interface. For comparison, similar analysis performed on high performance 
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Al/Si3N4/p-Si Schottky contacts yielded σo = 0.091 V [15] and on Al/TiO2/p-Si Schottky 
contacts, σo = 0.137 V [16].  
 
Figure 4-6: Barrier height versus 1/2kT plot for the energetically deposited 100 
ºC/1.0 keV C/p-Si Schottky diode.   
 
A modified Richardson (ln(Is/T
2)−q2σo2/2(kT)2 versus q/kT) plot, in which σo is 
obtained from Figure 4-6 (as in  [14]), is shown in Figure 4-7. Linear fitting yields ΦBmean 
= 1.0 eV, which agrees with the ΦBmean value obtained from Figure 4-6. Extrapolating to 
the intercept gives an effective Richardson value of 34 ± 6 Acm-2K-2 which again agrees 
with the theoretical value of 32 Acm-2K-2 for p-Si [5]. The correspondence between the 
extracted and theoretical Richardson constants shows that the underlying surface of Si 
substrate is not significantly damaged by the energetic deposition process. Hence, the 
energetic deposition method provides the aforementioned surface oxide/contamination 
removal without causing damage to the Si device layer itself. 
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Figure 4-7: Modified Richardson plot for the 100 ºC/1.0 keV C/p-Si Schottky 
diode.  
 
Luongo et al. [17] recently published an investigation of graphene/p-Si Schottky 
diodes in which the extracted Richardson constant differed significantly from the 
theoretical value. The authors included a tunneling attenuation factor in a redefined 
Richardson equation to account for an insulating interlayer in their devices. They hence 
determined the insulating interlayer to be 16 Å in thickness. In this thesis, the 
experimentally extracted and theoretical Richardson constants are in close agreement and 
using the approach in ref. [17] to calculate an interlayer thickness returns a negligible value 
(<0.1 Å). The devices reported in [17] exhibited higher ideality factors and lower 
rectification ratios than those reported here and these characteristics are consistent with a 
non-negligible interlayer thickness.  
Self-sputtering is a well reported effect in the energetic deposition of metals [18]. 
When depositing carbon in a cathodic arc system, it is possible to select a bias voltage (> 
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1 kV) where self-sputtering by the energetic ions is sufficient to entirely prevent film 
growth. Molecular dynamics simulations of oriented graphitic film growth clearly show 
this self-sputtering [11]. Sputtering of silicon/oxygen by C ions is less well 
reported/characterised but cross-sectioned devices have shown that the native oxide can be 
effectively removed from the semiconductor surface [4]. The I-V-T analysis presented here 
confirms the absence of a SiO2 insulating interlayer and suggests that its removal is 
possible without incurring significant damage to the underlying Si. 
Other authors have found that hydrogen passivation of surface defects can affect 
the electrical characteristics of Schottky diodes (see for example [19]). However, annealing 
at 620 K (for 1-hour) performed in vacuum and Ar on the C/p-Si diodes studied here, 
resulted only in a very small (<1%) reduction in series resistance (observed at high forward 
voltage) and otherwise unaltered I-V characteristics. This thermal stability contrasts with 
the results reported in [19] which indicated that even at moderately elevated temperatures 
hydrogen was removed, surface defects were reactivated and as a consequence, the 
characteristics of the devices were altered significantly. 
Using the Schottky-Mott equation (Eq. 2-1), the effective work function of the 
energetically deposited carbon is calculated at 4.59 eV with effective barrier height 0.54 
eV and electron affinity of Si of approximately 4.05 eV at room temperature [20-22]. As 
the generally accepted range for graphite work function is from 4.5 eV to 4.8 eV [23], the 
calculated value is inside this range. 
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4.4 Summary 
Temperature dependent current-voltage (I-V-T) measurements have been 
performed on energetically deposited graphitic contacts to p-type Si. These contacts 
exhibited room-temperature current rectification ratios exceeding 105:1 at ±1 V and ideality 
factors as low as n = 1.05. I-V-T measurements and subsequent analysis showed that the 
junctions exhibited low lateral inhomogeneity when compared with other high quality 
Schottky contacts. Using two differing approaches, Richardson constants for the p-Si 
substrate were extracted from the I-V-T data and these agreed with the theoretical value. 
This showed that deleterious contamination/native-oxide was removed from the Si surface 
by the energetic plasma without incurring significant damage to the bulk Si. Hence, this 
method for forming C-based contacts provides the high-quality interfaces necessary for 
Schottky diodes with room-temperature ideality factors approaching unity. 
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CHAPTER 5 
 
GRAPHITE ON SILICON CARBIDE SCHOTTKY DIODE 
 
In this chapter, temperature-dependent current– voltage (I–V–T) and capacitance–
voltage (C–V) characteristics have been collected from energetically deposited, 
lithographically deﬁned C/6H-SiC contacts, while the barrier height, ideality factor and 
Richardson constant have been extracted from the measurement data. In addition, we use 
an approach similar to that adopted by Sarpatwari et al. [1] to investigate the effects of 
lateral inhomogeneity on these parameters and to arrive at modiﬁed values based on 
laterally homogeneous C/ 6H-SiC devices. 
5.1 I-V characteristics 
The I-V characteristics measured at room temperature for two C/6H-SiC devices, 
both 200 µm in diameter are shown in Figure 5-1 with the measurement circuit shown in 
the inset. These devices differ in how the substrate bias was applied during C deposition. 
The data shown in grey originates from a device deposited with the 1.0 kV bias applied 
directly to the substrate holder. The black curve originates from a device deposited with 
1.0 kV bias applied remotely to a conducting C coated mesh in front of the substrate (with 
the substrate at floating potential) due to the fact that mesh bias enables more effective bias 
than possible with substrate bias applied to a semiconducting or semi-insulating substrate 
[2]. The deposition then largely takes place with energetic neutrals. The latter curve 
produces a broader distribution of ion energies, with more ions arriving at the substrate 
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with lower energy.  This lower average energy has resulted in a rectifying device but not a 
Schottky barrier device, since the I-V characteristic is non-linear at low forward bias in the 
semi-logarithmic I-V plot. This non-linear behavior indicates that a field independent 
barrier exists in this device which then consequently resembles a metal-insulator-
semiconductor diode. Some non-linearity was observed in the reverse bias current and this 
supports this assertion. In this structure, it is likely that the insulator is an interfacial oxygen 
rich layer, since the native oxide on the 6H-SiC was not removed prior to C deposition.   
 
The device formed with direct bias does exhibit linearity at low forward bias and 
its characteristics can be fitted well assuming thermionic emission (TE) over a Schottky 
barrier [3]. From both device characteristics, various room-temperature device parameters 
can be extracted.  Firstly, the rectification ratios at ± 1.5 V are respectively 2k and 10k for 
the remote and direct DC biased devices whilst their series resistances are 170 and 80 Ω. 
The ideality factor of the direct bias deposited device is 1.8, significantly closer to unity 
than the ideality factor of the device deposited with remote bias (3.1). This is consistent 
with the differing dominant transport mechanisms in the two devices. Ideality factors 
between 1 and 2 are generally taken as indicative of TE over a Schottky barrier [3]. The 
differences in the device parameters show that the energy of deposition plays a significant 
role in the device characteristics. Transmission electron microscopy has been used to show 
that energetic C fluxes can remove native oxide layers from device interfaces as deposition 
takes place [4, 5] and the Schottky behaviour of the direct biased device is attributed to this 
effect. Finally, the apparent (room temperature) barrier heights are 0.67 and 0.71 eV with 
the higher value belonging to the device deposited with direct bias. 
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Figure 5-1: I-V characteristics of energetically deposited C/6H-SiC diodes with 
direct bias (grey) and remote bias (black) applied during deposition and (inset) schematic 
of the device measurement circuit. 
 
Following the room temperature measurements, I-V-T characterisation was 
performed on the (direct biased) C/6H-SiC Schottky barrier device to further investigate 
its electrical properties. The 0.0 to 0.5V forward bias portions of the temperature dependent 
I-V characteristics from this device (measured from 98 – 498 K) are shown in Figure 5-2a.  
All characteristics are shown with linear fits, corresponding to TE over a Schottky barrier. 
Assuming TE, the forward current-voltage (I-V) characteristics of the rectifying 
C/6H-SiC diode are expressed by: 
 𝐼 = 𝐼𝑠exp⁡ [(
𝑞(𝑉 − 𝐼𝑅𝑠)
𝑛𝑘𝑇
) − 1] Eq. 5-1 
where I is the current, T is the temperature, q is the electron charge, k is the Boltzmann 
constant, n is the ideality factor, V is the applied voltage, Rs is the series resistance and Is 
is the saturation current, given by: 
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 𝐼𝑠 = 𝐴𝐴
∗𝑇2exp (−
𝑞𝛷𝐵
𝑘𝑇
) ⁡ Eq. 5-2 
where A is the contact area, A* is the Richardson constant with theoretical value of 194 
Acm-2K-2 [6] and ΦB is the barrier height. 
The temperature dependent differential device resistance (Rdiff = dV/dI) is shown in 
Figure 5-2b. The series resistance of the device, Rs, is determined from each curve at 
saturation and ranges from 48 Ω at 498 K to 1.18 kΩ at 98 K. The dominant contribution 
to this series resistance is from the bulk 6H-SiC substrate and (as shown in the Figure 5-2 
inset) is proportional to –EA/kT where EA is the energy difference between the active donor 
level and conduction band of the n-type 6H-SiC [7]. Here, EA is equal to 0.032 ± 0.002 eV. 
 
Figure 5-2: a) Forward bias portions of the I-V-T characteristics of the C/6H-SiC 
Schottky diode with linear fits showing transport by TE and b) temperature-dependent 
differential device resistance versus voltage characteristics. The energy difference between 
the donor level and conduction band in the n-type 6H-SiC substrate is determined from the 
inset Arrhenius plot. 
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Next, the rectification ratio, barrier height and ideality factors based on the I-V-T 
characteristics (see Figure 5-3) are re-evaluated. The temperature dependent I-V 
characteristics and rectification ratio are shown in Figure 5-3a and Figure 5-3b, 
respectively. The reverse current (number of charge carriers overcoming the barrier) 
increases appreciably as temperature is increased [8]. The rectification ratio, calculated 
using fixed bias voltages ± 1.5 V is therefore maximum (~106) at the minimum temperature 
(98K) while at room temperature, it exceeds 104. This reduction of rectification ratio is at 
least in part due to narrowing of the depletion region in the 6H-SiC as the carrier 
concentration in the 6H-SiC increases with increased temperature. Since the depletion 
width in a Schottky diode is inversely proportional to the square root of the carrier 
concentration in the semiconductor [3, 9, 10], increasing the temperature leads to a 
reduction in depletion layer width. In reverse bias, a narrower depletion region enables 
substantially increased reverse tunneling current. This reduces the calculated rectification 
ratio since the forward current is dominated by thermionic emission and hence increases 
less significantly with increased temperature. This is most clearly seen in the combined 
forward and reverse bias I-V-T plot shown in Figure 5-3a. 
 
Referring to Eq. 5-1, the barrier height and ideality factor at each temperature are 
determined from: 
 𝜙𝐵 =
𝑘𝑇
𝑞
ln (
𝐴𝐴∗𝑇2
𝐼𝑠
) ⁡ Eq. 5-3 
and 
 𝑛 =
𝑞
𝑘𝑇
𝑑𝑉
𝑑(𝑙𝑛𝐼)
⁡ Eq. 5-4 
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as shown in Figure 5-3c. 
 
 
Figure 5-3: Temperature dependent a) I-V characteristics, b) rectification ratios 
and c) ideality factors/apparent barrier heights of a C/6H-SiC diode. 
 
Figure 5-3c shows that the barrier appears to increase with elevated temperature. 
This is again indicative of barrier inhomogeneity [11-13]. If the contact exhibits location 
dependent interface properties, then it can be viewed as an array of patches with differing 
barrier heights [14]. At lower temperatures, a larger fraction of the total device current will 
come from carriers crossing patches with lower barrier heights and therefore the apparent 
barrier height will decrease (as shown in Figure 5-3c).  The ideality factor increases as the 
temperature decreases since a greater proportion of the (smaller) device current results 
from carriers transported by mechanisms other than TE.  
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Figure 5-4a shows the reverse bias I-V-T characteristic of C/6H-SiC diodes at 3V 
> |V| > 0.6V. When Schottky emission is the dominant transport mechanism, the current is 
described by [15]: 
 𝐼⁡ ∝ 𝑇2𝑒𝑥𝑝(
𝑞
2𝑘𝑇
√
𝑞𝑉
𝜋𝜖𝜖𝑜𝑑
) ⁡ Eq. 5-5 
where ϵ is the relative permittivity, ϵo is the permittivity of free space and d is thickness of 
the potential barrier. 
This Schottky emission plot shown in Figure 5-4a exhibits linearity throughout the 
reverse voltage region and across all measurement temperatures. Current over the lowered 
barrier is therefore dominant. Similar characteristics in the reverse bias region were 
reported for Ti/Ni/SiC [16], CdS [17], Au/GaAs [18], Au/PMI/n-Si and Al/ZnO/Au 
Schottky diodes [19-21]. As shown in Figure 5-4b, the dominant transport mechanism in 
the region |V| < 0.6V is described by the direct tunneling equation [22]: 
 𝑙𝑛 (
𝐼
𝑉2
) ∝ 𝑙𝑛 (
1
𝑉
) −
2𝑑√2𝑚𝑒𝜙𝐵
ℏ
⁡ Eq. 5-6 
where me is the electron effective mass and ℏ is Planck’s constant divided by 2π. 
In junctions with significant inhomogeneity, regions (‘patches’) within the total 
junction area may exhibit barriers thin enough to enable such a tunneling current [23]. 
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Figure 5-4: The temperature dependent current voltage characteristics of C/6H-
SiC diodes with reverse-bias voltages of a) 3V > |V| > 0.6V and b) 0.6V > |V| > 0V. The 
linearities in a) and b) are consistent with transport dominated by Schottky emission and 
direct tunneling, respectively. 
 
During cycling the temperature, there is small changes in the device characteristics 
(less than 0.2 current order of magnitude). This suggests the device perform stably at this 
temperature range 98 to 498 K. 
 
5.2 C-V characteristics 
Capacitance-voltage (C-V) characterization was performed to further investigate 
the properties of the interface/barrier in the C/6H-SiC devices. The ‘true’ capacitance (C) 
is evaluated using the formula [24, 25]: 
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 𝐶 = [
𝐶𝑚
−2 − 2𝑅𝑠
2𝜔2 −√(𝐶𝑚−2 − 2𝑅𝑠2𝜔2)2 − 42𝑅𝑠4𝜔4
2𝑅𝑠4𝜔4
]
1/2
⁡ Eq. 5-7 
where Cm is measured capacitance, Rs is the device series resistance and ω is angular 
frequency.  
 
The room temperature 1/C2 vs V relationship (Figure 5-5) was linear over the 
reverse bias measurement range but the barrier height obtained from these measurements, 
significantly exceeded that calculated from the room temperature I-V measurements (1.46 
eV versus 0.7 eV). According to Tung’s model [14, 26-29] this can be explained by the 
presence of barrier inhomogeneity since (during the I-V measurements) current transport 
occurs mainly over the low Schottky barrier height ‘patches’ within the larger device area 
[12, 26]. Thus, the discrepancy in barrier heights determined from I-V and C-V 
measurements is consistent with the presence of lateral inhomogeneity and provides further 
justification for investigation of this effect. 
 
Figure 5-5: The capacitance voltage characteristic of C/6H-SiC junction under 
reverse bias at room temperature measured at 1 MHz. 
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5.3 Richardson constant 
With confirmed barrier inhomogeneity, the approach reported by Sarpatwari et al. 
[1] was followed to extract the effective values of Richardson constant A*eff and barrier 
height ΦBeff, using the following relationship: 
 𝑙𝑛 (
𝐼𝑠
𝐴𝑇2
) = −
𝑞𝛷𝐵𝑒𝑓𝑓
𝑘𝑇
+ ln⁡(A∗𝑒𝑓𝑓)⁡⁡ Eq. 5-8 
which includes saturation currents (Is) extracted from device I-V measurements and 
the device area (A). A plot of this relationship (Figure 5-6a) provides values for A*eff of 
0.45 Acm-2K-2 and ΦBeff of 0.52 eV. The A*eff value is significantly less than the reported 
A* value for 6H-SiC of 194 Acm-2K-2 [6] while ΦBeff is also significantly lower than the 
barrier height calculated from I-V-T data. Similar disparity has been reported in numerous 
Schottky diodes based on a variety of materials [29, 30] and once again lateral 
inhomogeneity of the junction is a known cause. It is reasonable to assume that this is the 
case when the device ideality factor (n) exceeds 1.3 [1, 23]. The relationship between A*eff 
and ΦBeff is described by [1]:  
 ln(A∗𝑒𝑓𝑓) = ln(A
∗
𝑜) + (𝛽 −
1
𝛽𝛽1
2𝜎2
) (𝛷𝐵𝑒𝑓𝑓 − 𝛷𝐵𝑜)⁡⁡ Eq. 5-9 
where A*o and ΦBo are the homogeneous Richardson constant and barrier height. β 
equals q/kT, β1 equals (Vbb/η)1/3 with the Vbb term being the band bending at the 
measurement bias and η = ϵs/qND the doping density dependent parameter [14]. Parameter 
η determines the overall patch strength and at higher doping levels (low η), conduction 
through the low barrier regions is enhanced. From Eq. 5-9, the plot in Figure 5-6b is 
constructed to exhibit a linear relationship between ln(A*eff) and ΦBeff. As the barrier height 
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becomes more homogeneous, A*eff and ΦBeff  moves closer to A*o and ΦBo. When the barrier 
height becomes homogeneous, the ideality factor converges to a value of 1.0. To determine 
ΦBo, the ΦBeff vs. n plot is extrapolated to n =1.05 (which is the lowest reported ideality 
factor for a Schottky contact to 6H-SiC [23, 31, 32]) to yield ΦBo= 1.05 ± 0.015 eV. This 
ΦBo is then used to extract a homogeneous Richardson constant A*o of 187 ± 42 Acm-2K-
2. This range encompasses the theoretical value of 194 Acm-2K-2. 
 
 
Figure 5-6: a) Richardson plot constructed from the I-V-T data of a C/6H-SiC 
Schottky diode and b) linear correlation between ln(A*eff) and ΦBeff obtained from several 
devices and ΦBeff  vs. n relationship used to determine the barrier height characteristic of a 
laterally homogeneous energetically deposited C/6H-SiC Schottky diode. 
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Using the Schottky-Mott equation (Eq. 2-1), the effective work function of the 
energetically deposited carbon is calculated to be 4.52 eV from barrier height 0.52 eV and 
electron affinity of 6H-SiC is approximately 4 eV at room temperature [33, 34]. As the 
general accepted range for the graphite work function is from 4.5 eV to 4.8 eV [35], the 
calculated value is near the lower end of reported value. This discrepancy may be mitigated 
with the improvement of the barrier height homogeneity. 
 
5.4 Summary 
This chapter reports on the investigation of the temperature-dependent electrical 
properties of energetically deposited C/6H-SiC Schottky diodes. Lateral inhomogeneity of 
the junction/barrier manifests itself in the I–V–T characteristics and causes disparity 
between barrier heights determined from the I–V and C–V measurements. Using 
established methods, and from the relationships between barrier height and ideality factor 
and barrier height versus Richardson constant, the homogeneous barrier height and 
Richardson constant were calculated from the measurement data. The calculated 
Richardson constant (187 ± 42 A cm-2 K-2) agreed with the theoretical value of 194 Acm-2 
K-2 for n-type 6H-SiC. This work demonstrates the potential to form high performance 
Schottky contacts to 6H-SiC using energetically deposited carbon, but shows that high 
lateral homogeneity across the junctions of these devices is vital in achieving higher 
rectiﬁcation and ideality factors approaching unity. 
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CHAPTER 6 
 
GRAPHITE ON GALLIUM OXIDE SCHOTTKY DIODE 
 
The following chapter describes measurements performed on sputtered graphitic 
contacts to β-Ga2O3. Sputtering was chosen as the deposition method for these carbon 
contacted devices largely due to a fault and extended outage that occurred on the FCVA 
energetic deposition system towards the end of the PhD project. As in Chapters 4 and 5, 
the fabrication methods used for these devices are not restated here but were described in 
detail in Chapter 3 section 1. The characterization/measurement methods employed were 
described in Chapter 3, section 2.   
6.1 I-V characteristics 
The temperature dependent I-V characteristics of a sputtered graphitic C/n-type β-
Ga2O3 Schottky diode are shown from 143 – 443 K in Figure 6-1. The rise in the forward 
current with temperature is similar to that observed in other Ga2O3 Schottky based diodes 
[1-5]. In the reverse bias region, between 363K and 403K, the reverse current sharply 
increases which is indicative of an activated impurity/defect that facilitates conduction 
through the depletion region. The noise-floor of the apparatus is approximately 2pA so the 
current measurements below this value can be disregarded. 
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Figure 6-1: I-V characteristic of C/Ga2O3 Schottky diode with elevated temperature from 
143K to 443K. 
 
The temperature dependent differential device resistance (Rdiff = dV/dI) is shown in 
Figure 6-2. The series resistance of the device, Rs, is determined from each curve at 
saturation and ranges from approximately 1010 Ω at 143 K to 104 Ω at 443 K. The dominant 
contribution to this series resistance is from the bulk β-Ga2O3 substrate. This is due to its 
wide band-gap (4.9eV). 
123 
 
 
Figure 6-2: Temperature-dependent differential device resistance versus voltage 
characteristics of C/Ga2O3 Schottky diode. 
 
The forward I-V-T characteristics in Figure 6-1 were analyzed using thermionic 
emission theory to determine the barrier height and the ideality factor at each temperature. 
In Figure 6-3a, the rectification ratio (at ± 1 V) of the C/Ga2O3 diode is shown. The 
constant rise in forward current explains the increase of rectification ratio up to 1:105 at a 
temperature of 363K. At temperatures of 403K and 443K the rectification ratio decreases 
to 1:103 due to the rise in reverse current. According to the theory of thermionic emission 
Eq. 5-1, the extracted apparent barrier heights vary from 0.5 eV to 1.1 eV while the ideality 
factor varies from 8 to 1.4 over the evaluated temperature range of 143K to 443K, as shown 
in Figure 6-3b. Similar behavior has been observed in Ni/Ga2O3 Schottky diodes [6], and 
Cu/Ga2O3 Schottky diodes [7]. The apparent barrier heights are in the same range as other 
reported Ga2O3 Schottky diodes [1-4]. However, only the ideality factors from room 
temperature up to 443 K are comparable with other reported Ga2O3 Schottky diodes. The 
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ideality factors from room temperature to lower temperature cannot be evaluated reliably 
due to the presence of measurement noise in the sub-threshold region (forward current less 
than 10-12 A) and the extremely high series resistance (up to 1010 Ω at 143 K). 
 
Figure 6-3: a) Rectification ratios and b) ideality factors/apparent barrier heights 
of a C/Ga2O3 diode. 
 
Due to the high series resistance at lower temperatures only data from room 
temperature up to 443K was chosen for fitting in the forward voltage region (0V to 0.7 V) 
as shown in Figure 6-4a. The Schottky emission model is validated by the linearity of the 
data across this range of temperatures. According to thermionic emission theory, ln(Is/AT
2) 
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= -qΦBeff/kT + ln(A*eff) [8] and an effective Richardson constant for the n-type β-Ga2O3 
substrate can therefore be extracted from the I-V-T data (as shown in Figure 6-4b). This 
produces a value for A*eff of 37 ± 9 Acm
-2K-2, in agreement with the reported theoretical 
value of 41 Acm-2K-2 for β-Ga2O3 assuming an effective electron mass of 0.34 me [9, 10]. 
The effective barrier height determined from Figure 6-3b is ΦBeff = 0.98 ± 0.11 eV. 
 
Figure 6-4: (a) Forward bias I-V characteristics of a C/Ga2O3 Schottky diode with linear 
fits showing transport dominated by thermionic emission in the temperature range 283 - 
443 K. (b) Richardson plot used to extract the effective Richardson constant. Lower 
temperature data are unreliable for linear fit due to high series resistances. 
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6.2 Richardson constant 
Since lateral inhomogeneity was observed in the C/Ga2O3 Schottky diodes, the 
approach of Kim et al. [11] was again followed to calculate the Richardson constant. A 
Gaussian distribution of barrier heights was assumed over the Schottky junction area. This 
Schottky junction was then characterized by a zero-bias mean barrier height (ΦBmean) and 
a standard deviation (σo), and the apparent barrier height ΦB then equals ΦBmean − qσo2/2kT 
[11, 12]. Fitting the data plotted in Figure 6-5 results in the values of ΦBmean = 1.22 eV and 
σo = 0.11 V. This σo is significantly smaller than ΦBmean, indicative of a high quality 
Schottky interface and the value of σo is similar to those previously reported from high 
quality Schottky contacts on other semiconductors [13, 14]. 
 
 
Figure 6-5: Barrier height versus 1/2kT plot for the C/Ga2O3 Schottky diode. 
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Next, a modified Richardson (ln(Is/T
2)−q2σo2/2(kT)2 versus q/kT) plot, in which σo 
is obtained from Figure 6-5 (as in  [12]), is shown in Figure 6-6. Linear fitting yields 
ΦBmean = 1.2 eV, which agrees with the ΦBmean value obtained from Figure 6-5. 
Extrapolating to the intercept gives an effective Richardson value of 43 ± 6 Acm-2K-2 which 
also agrees with the theoretical value of 41 Acm-2K-2 for β-Ga2O3 [9, 10]. 
 
 
Figure 6-6: Modified Richardson plot for the C/Ga2O3 Schottky diode. 
 
Using the Schottky-Mott equation (Eq. 2-1), the effective work function of the 
energetically deposited carbon was calculated to be 4.4 eV to 4.9 eV. In this calculation, 
the barrier height was estimated to be 0.9 eV and the electron affinity of β-Ga2O3 was 
assumed to be in the range 3.5 eV to 4 eV at room temperature [15-18]. The range 
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calculated for the work function of graphitic carbon agrees with the generally accepted 
range (from 4.5 eV to 4.8 eV [19]. 
Besides lateral inhomogeneity, other authors have discussed the role of oxygen 
vacancies in determining the characteristics of Schottky contacts to β-Ga2O3 [20-22]. Hou 
et al. found that the barrier heights of Ag, Au, Pt, Pd, Ru, and Ir Schottky contacts to β-
Ga2O3 did not vary with the differing work-functions of these materials but instead adhered 
closely to the Vo (2+/0) transition level of Ec - 0.7 eV [3]. The authors proposed that oxygen 
vacancies and in particular, Vo
2+ (III) (the most stable charged state) were significant in 
pinning the Fermi level of metal Schottky contacts on β-Ga2O3. They also noted that Vo2+ 
(III) were most likely to occur near the surface of β-Ga2O3 and hence close to the Schottky 
interface. Since the barrier heights measured from our diodes also lie close to the Vo (2+/0) 
transition level of Ec - 0.7 eV, we believe that Fermi level pinning is significant in the 
graphitic C-contacted devices as well. It would be beneficial to test this theory by 
employing reactive deposition to provide oxygenated C contacts and/or to anneal the 
devices in the presence of oxygen and monitor the reverse leakage and barrier heights at 
increasing temperatures. 
 
6.3 Summary 
The experimental investigation described in this chapter involved measuring the I-
V-T characteristics of graphitic carbon contacts to β-Ga2O3. Rectification ratios at ± 1V 
achieved were as high as 1:105 with ideality factors as low as 1.4. Richardson constants for 
the β-Ga2O3 substrate were extracted from the I-V-T data using two differing approaches 
and both results agreed with the theoretical value 41 Acm-2K-2. This investigation 
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demonstrates the capability to form Schottky contacts to β-Ga2O3 using graphitic carbon 
using standard deposition and lithographic methods.  
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CHAPTER 7 
 
CONCLUSIONS AND FUTURE WORK 
 
7.1 Conclusions 
The aim of the project described in this thesis was to improve understanding of 
graphitic Schottky contacts to semiconductors. Graphitic carbon is known for its high 
temperature endurance and chemical inertness and these properties suggest potential for 
high power devices and/or devices operating at high temperatures. Three semiconducting 
materials with power electronics applications were selected for devices and testing; Si, 6H-
SiC and β-Ga2O3. I-V-T measurement is a reliable means to extract key parameters from 
Schottky diodes and has been used extensively in this project.  
The graphitic contacts demonstrated rectifying behavior with high rectification 
ratio when interfaced with Si, 6H-SiC and β-Ga2O3. Thermionic emission was observed in 
the sub-threshold region of forward bias with extracted barrier heights and Richardson 
constants agreeing with theoretical values. The barrier heights and ideality factors of the 
devices on all three substrate materials were temperature dependent, consistent with the 
existence of lateral inhomogeneity at the interfaces. Quantification of this lateral 
inhomogeneity showed that it was small (relative to other high-performance devices 
reported in the literature) on the Si and β-Ga2O3 devices and larger on the 6H-SiC. It is 
therefore likely that the quality of the 6H-SiC substrate surface accounts for this difference. 
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The work function of graphite extracted from all three devices agreed with the generally 
accepted range in other reported work. 
 
7.2 Future Work 
All devices in this project were subjected to investigation under elevated 
temperature. To further assess the performance/reliability of energetically deposited 
graphitic contacts, high power/ high current-density endurance experiments similar to 
those reported by Stelzer would yield valuable information [1]. Subjecting the energetically 
deposited graphitic contacts at high temperatures for extended durations would help in 
quantifying the thermal reliability of the graphite contacts and help to determine whether 
they are viable for commercial applications. It also might be useful to process the sputtering 
method on Si or SiC to see whether it resulted in better quality contacts compared to the 
energetically deposited graphitic contacts. 
Oxidised noble metal contacts to wide band gap semiconductors including ZnO and 
Ga2O3 have exhibited extremely high rectification ratios. This has been attributed to sub-
surface oxygen vacancy passivation because oxygen vacancies are known to cause  Fermi 
level pinning in these devices/materials [2, 3]. Therefore, introducing oxygen into graphitic 
carbon during deposition may enable increased barrier heights to be obtained in Schottky 
devices formed between the material and Ga2O3. Graphitic contacts offer cost advantages 
over noble metal contacts and if defect passivation can be incorporated into the deposition 
process for improved device performance, this would represent a significant finding. 
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APPENDIX A  
 
WAFER SPECS 
 
A.1 Wafer Specs 
The properties of Si, SiC and Ga2O3 wafers are listed in below tables: 
Table A-1: Properties of Si wafers. 
Properties 
Si wafer 
from Silicon Wafer Inc. 
Diameter 50.8 mm 
Thickness 250 ± 15 um 
Resistivity 0.01 ~ 0.02 Ωcm 
Dopant Boron 
Carrier concentration 5 × 1016 cm-3 
Type p-type 
Orientation <100> two sides polished 
 
 
Table A-2: Properties of SiC wafers. 
Properties 
6H-SiC wafer 
from Semiconductor Wafer Inc. 
Diameter 50.8 mm 
Thickness 330 ± 25 um 
Resistivity 0.02 ~ 1 Ωcm 
Dopant Nitrogen 
Carrier concentration 2 × 1017 cm-3 
Polytype 6H 
Orientation <0001> two sides polished 
 
 
Table A-3: Properties of β-Ga2O3 wafers. 
Properties 
β-Ga2O3 wafer 
from Tamura Corp. 
Diameter 50.8 mm 
Thickness 0.68 ± 0.02 mm 
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Dopant Sn 
Carrier concentration 1.1 × 1018 cm-3 
Type n-type 
Orientation (2̅01) 
 
 
